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Abstract 
Recent changes in environmental laws requiring the transition from known ozone depleting 
chlorofluorocarbon (CFC) refrigerants such as R-22 to safer alternative refrigerants such as fluorocarbon based R-
134A and R-410A, have necessitated other changes in the refrigeration systems as well.  Refrigeration compressor 
oils have also been replaced in order to be miscible with the alternative refrigerants.  These alternative refrigerants 
and oils have changed the tribological characteristics of compressor critical contacts, and in some cases have led to 
an increase in failure rates.  Much research has been conducted on the compressor contacts with alternative 
refrigerants and oils to understand the tribological impacts. 
Polymers have seen very limited study related to compressor tribocontacts in the presence of refrigerants.  
Polymers have a self lubricating effect by transferring material to the metal counterface.  This is an important group 
of materials for tribological applications, especially blended polymers, which often have enhanced mechanical and 
low friction properties.  Most of the literature on polymer tribology is conducted at speeds and loads significantly 
lower than typical compressor conditions.  At these low speeds and applied loads, varying degrees of polymer 
transfer films are reported on the metal counterfaces.  It is postulated that coherent transfer films are necessary for 
reduced wear.   
The current study looks at the tribological response of polymer/metal contacts in the presence of refrigerant 
versus ambient air under conditions simulating refrigeration compressors.  Ten different polymers are employed as 
potential compressor bearing materials; four unfilled polymers and six blended polymers.  Friction coefficient, wear, 
and surface topography were evaluated at a 60°C system temperature, 25 psi R-134A atmosphere (or ambient air), 
2.4 m/s sliding velocity, and 45 or 225 N applied loads.  Polymers were tested against cast iron disks of roughness 
0.3 to 0.5 µm Rq.  Experiments conducted in R-134A show slightly favorable friction and wear characteristics to 
experiments conducted in ambient air.  All blended polymers have good tribological characteristics.  PEEK and 
polyimide in both unfilled and blended forms exhibit minimal wear and do not adversely affect the metal disks.  
These polymers show promise for compressor bearing materials.  Representative testing in starved lubricant 
conditions shows decreased polymer friction and wear.  This study also shows that although coherent, uniform films 
are not produced under compressor-like conditions, as evidenced by scanning electron microscopy (SEM) and 
energy dispersive x-ray spectroscopy (EDX), the tested polymers still have favorable tribological properties.   
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Chapter 1:  Introduction 
1.1 Compressor Application 
As the refrigeration industry has changed over from chlorofluorocarbon (CFC) based refrigerants such as 
R-12 and R-22 to more environmentally friendly refrigerants such as fluorocarbon based refrigerants R-134A and R-
410A, the tribological properties of compressor contacts have been affected.  Due to miscibility issues with the 
alternative refrigerants, the compressor oils have gone from mineral-type oils to synthetic polyolester (POE) and 
polyalkylene glycol (PAG) lubricants.  The effects of the alternative refrigerants, oils, and component material 
combinations on the critical compressor contacts govern the successful operation of air conditioning compressors.  
Critical contacts include the wrist pin/bearing contact in a reciprocating compressor, a vane/piston contact in a rotary 
compressor, and shoe/plate contacts in a swashplate compressor [1].  With the introduction of alternative refrigerants 
and oils, operational failures have increased and the tribology of critical contacts and possible alternative contact 
materials has been widely investigated.  
Numerous investigations have been conducted using metallic interfaces.  In these studies, primarily the 
scuffing failure mechanism was investigated under starved lubricated conditions.  These studies concentrated on the 
swashplate compressor configuration (shoe on disk) as well as typical pin-on-disk testing [1-3].  Tribological 
characteristics of polymeric materials have been briefly investigated in regard to compressor applications by 
Sheiretov et al. [4, 5].  They used a pin-on-disk geometry and reported that polyimide blends tend to have slightly 
higher wear in refrigerant than in air, as well as increased wear with increased counterface roughness (Ra=0.062 µm 
vs. 0.41 µm).  The average cast iron disk had an Ra of 0.15 µm.  Wear also increased for polyimide blends with 
temperature increases above room temperature, and similarly as speed was increased.  The friction coefficient 
decreases with increasing contact pressure.  In regard to transfer films, temperature and number of overlapping 
passes were reported to be the major factors in creating uniform polymer transfer films on metal counterfaces.  
Increasing these factors promotes uniform transfer.  Transfer films were investigated with optical microscope, 
scanning electron microscopy (SEM), and surface profilometry.  Reportedly, the most common type of transfer layer 
produced was a non-coherent ridge-like layer which covers all of the surface irregularities (1 µm thick layer for 18 
km sliding distance).  Figure 1, from Sheiretov et al. [4, 5], shows a surface profilometric scan of the ridge-like layer 
indicating three primary ridges.  With increased sliding distance (36 km), they also observed a thin polymer layer 
(exact thickness not noted) covering all of the surface irregularities, with thicker transfer in the deepest valleys, as 
shown in Figure 2.  The exact operating conditions for formation of the polymer layers were not given.  For the 
rougher disk surfaces (Ra=0.41 µm), polymer transfer was confined to the valleys of the surface.  The reporting of 
these transfer layers is misleading since neither the ridge-like transfer nor the “uniform” transfer is continuous 
across the wear path.  Even at high magnifications, as seen in Figure 2, the “uniform” layer has gaps in polymer 
coverage.  Sheiretov did conclude that the different appearances of transfer layers do not appear to affect the friction 
and wear results.  Most experiments were conducted at 120°C for 1 to 10 hour durations, at speeds from 0.127 to 
3.75 m/s, and at contact pressures of 1.72 to 13.8 MPa.   
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Figure 1  Surface Profile of Wear Track Showing 3 Ridges [4, 5] 
 
Figure 2  SEM of Reported Uniform Transfer Layer of a Polyimide Blend on Cast Iron Disk (1200x) [4, 5] 
1.2 Polymer Tribology Overview 
The polymer/metal bearing pair has long been studied as a method to reduce friction and wear of 
interacting surfaces.  Some polymers behave as a self-lubricating solid, reducing or eliminating the need for 
lubricant.  Most of the documented studies of polymer wear involve the effects of blending polymers, reinforcing 
fillers, or environmental concerns such as humidity and lubricants, yet very limited documented testing has been 
performed to show if polymer wear is affected by the introduction of refrigerant [4-8].  Previous research studies 
report that through sliding, polymer transfer layers are created on the metal interface or even on another polymer 
surface, and that this protective layer can reduce the coefficient of friction of the rubbing pair as well as the wear of 
the system [9-11].  In particular, polytetrafluoroethylene (PTFE) transfer films have undergone much analysis in the 
literature.  PTFE has low friction and good transferability because of its lamellar structure which shears easily, and 
often its adhesion to the counter surface is greater than the cohesion to the bulk polymer.  It is reported that PTFE 
films on the order of 0.5 - 2 µm are produced on smooth steel surfaces [12].  It is not clear what conditions are 
necessary for the formation of protective transfer films to the extent that system wear is reduced.  This study intends 
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Å
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to document the effects of refrigerant on polymer wear as a part of polymer/metal contacting surfaces with regard to 
application in refrigeration compressors. 
1.3 Other Related Literature Review 
It has been widely reported that transfer films/layers are created on polymer rubbing counter surfaces 
(metal or polymer), which tend to reduce friction and wear: polymer wear levels off [12].  The friction reduction 
effect is most evident in the initial passes/cycles as seen in Figure 3.  
 
Figure 3  Short-term polymer friction effects on a smooth surface [12] 
Ovaert and Ramachandra [13] during their study on roughness effects of polyamide-imide (PAI) and high 
density polyethylene (HDPE) pins on hardened steel disks have found that on rougher surfaces, layers are produced 
versus films on smoother surfaces.  The films are well adhered, while the layers are loosely adhered.  At a contact 
pressure of 0.19 MPa and a speed of 0.5 m/s, the films are formed before 500 m of sliding and continue to be well 
adhered after 4000 m of sliding.  The films are thought to reduce the wear rate, while the layers have little effect on 
wear rate.  For these experiments, controlled roughness (radial-hatched) was imposed on the steel disks through 
surface scribing versus conventional machined patterns (for scribing patterns, see Figure 4).  The direction of the 
roughness, as well as the groove spacing was varied.  For both polymers, wear rates increase with increasing surface 
roughness, yet groove spacing had very little effect on wear rate.  Roughness (RMS) was varied from 0.2 to 1.5 µm.  
HDPE wear rates are significantly higher than PAI wear rates.   
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Figure 4  Roughness Patterns, adapted from Ovaert and Ramachandra [13] 
Yang [14] showed from experimental analysis that PTFE deposition rate is greatest during first traverse, 
and PTFE transfer thickness also increases with temperature and load.  PTFE pins (10 mm diameter) are 
unidirectionally slid on AISI 316 stainless steel foil (0.9 mm thick) with a roughness (Ra) of 0.03 µm and a hardness 
of 219 HV.  A maximum contact presssure of 89 kPa was used.  Yang used nuclear reaction analysis to quantify 
detected transfer of PTFE assuming a uniform thickness.  It was suggested that there is a linear dependence of 
transferred PTFE on the number of traverses. 
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Data was reported for very small sliding distances:  1 to 10 traverses of a 10 mm diameter pin on a 25 x 30 mm 
stainless steel sample.  Scanning Electron Microscope (SEM) images showed a smooth PTFE film, yet small gaps in 
coverage.  Very small steady state deposition rates were found, 0.06-0.08 nm per traverse. 
Bahadur [9] reports for PTFE rubbing on polyethylene at very low speeds, 0.025 to 0.15 m/s, increasing 
sliding speed increases material transfer and that at a constant sliding speed of 0.025 m/s, material transfer decreases 
with increasing load (varied from 500 to 3000 kg) due to greater compaction.  Material transfers from the polymer 
with lower cohesive energy density to the polymer of higher cohesive energy density through adhesion/shear.  It is 
noted that two types of films have been reported, the normal lumpy transfer of 0.1-1.0 µm which include 
polyethylene, polypropylene, and nylon 66; and thinner films associated with PTFE.  The thicker films are known to 
both increase and decrease wear rate.  Bahadur reviews some possible theories on the mechanism of transfer film 
development.  The overall conclusion is that it is mainly an adhesive mechanism, thus PTFE that adheres well to 
steel, will produce a transfer film, yet polyetheretherkeytone (PEEK) will not produce a continuous film since it 
does not adhere well to steel.  PTFE wears excessively against steel and is not protected by the transfer film.  
Addition of fillers such as graphite and CuS to PTFE will promote a 1 µm thick coherent film and reduce wear by a 
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factor of 80-100.  Addition of metallic based fillers (CuS, PbO, etc) to nylon 11 and PEEK also improve the transfer 
film and reduce wear compared to the unfilled polymer.  Increased roughness does however affect the transfer film 
leading to increased wear for less cohesive films.  This is depicted with SEM images of films on a steel surface with 
an Ra of 0.11 µm versus a surface with an Ra of 0.3 µm.  The 0.3 µm surface developed holes and cracks parallel to 
the grooves while the 0.11 µm surface developed a coherent transfer film.  The main emphasis of this paper is that a 
polymer or filled polymer must develop a thin and uniform transfer film on the counterface to reduce polymer wear.  
Finally it was shown through X-ray Photoelectron Spectroscopy (XPS) that tribo-pairs that created cohesive transfer 
layers underwent chemical reactions which increased bonding of the film to the metal substrate, while other material 
pairs that did not have adequate transfer films, also did not have chemical reactions between the film and the metal. 
Jintang’s [11] experimental analysis shows that the friction coefficient is constant over time for PTFE 
rubbing on stainless steel.  He uses XPS to investigate the chemical make-up of surface layers and offers a possible 
explanation of why or why not transfer films are formed on different metallic surfaces.  This explanation involves 
the cohesive energy of the polymer and the strength of the chemical bonding/adhesion to the metallic surface.  It is 
also suggested that using fillers that exothermally react with the polymer (i.e. PbO or Cu2O with PTFE) or using a 
support structure such as multi-layering will be effective in creating a transfer film with strong adhesion and good 
coverage of the counterface.  This type of film tends to lower friction and wear.   
Briscoe [10] reviews some of the possible interfacial wear processes between a polymer slider and a hard 
counter surface that cause different types of transfer layers.  He suggests that there are two main wear mechanisms, 
transfer wear and chemical wear.  Briscoe reviews some of the possible interfacial wear processes between a 
polymer slider and a hard counter surface that cause different types of transfer layers: oriented, un-oriented, and 
compressed degraded polymer particles.  He suggests that there are two main wear mechanisms, transfer wear and 
chemical wear which create these transfer layers.  The major categories of polymers and their corresponding wear 
phenomena are then discussed.  The polymers of interest in the current study fall under the categories of glassy and 
semi-crystalline polymers.  Glassy polymers are unable to dissipate frictional heat which leads to thermally induced 
failure similar to scuffing in metals.  Glassy polymers do not have crosslinking or crystalline phases to constrain 
molecular flow.  As the heat increases at the interface, initially friction will decrease, yet as the heat is transferred 
into the polymer, the contact area and friction increases resulting in catastrophic failure.  PEEK is said to be one 
such material.  It is noted however, that modified materials such as PEEK combined with PTFE do not exhibit this 
failure mechanism due to third-body formation which produces a low friction counterface.   
Semi-crystalline polymers such as PTFE are also addressed.  Briscoe [10] suggests that there are three 
transfer wear responses: 1) thin, highly oriented and weakly adherent transfer, 2) no transfer, and 3) lumpy and un-
ordered transfer.  Only the first transfer response is discussed.  PTFE is said to produce thin, oriented transfer films 
under many conditions and that ambient temperature and sliding speed are important parameters.  Linear sliding of 
such polymers produces oriented interfaces with low friction and high wear, yet rotational sliding disrupts the 
orientation and reduces wear.  Increased levels of crystallinity appear to also inhibit transfer and decrease wear.  The 
addition of fillers has a similar effect.  Finally, the effects of surface roughness are discussed.  It appears that there is 
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an optimal initial counterface roughness that produces strongly adherent transfer layers and low wear.  For PTFE 
filled with 10% carbon, the wear rate is a minimum for an initial counterface roughness (Ra) of 0.4 µm.   
Briscoe also briefly addresses the effects of lubrication and other environmental conditions on polymer 
wear.  Generally, polymers are not used in the presence of lubricants, yet some lubricants can induce plasticization 
which can cause premature failure.  Also, the fluid film formation at the interface inhibits the creation of transfer 
films necessary for reduced wear.  Humidity is also reported to have detrimental effects on the performance of PTFE 
and nylon 6,6 such as reduced mechanical properties and increased wear rates. 
Mens and Gee [8] investigated the wear behavior of both unfilled and filled polymers against steel contacts 
in the presence of air and water.  Their main findings are that unfilled PTFE  does not perform well in the presence 
of water, but that polymers such as PEEK and nylon 6,6 blended with PTFE show promise for dry bearing 
applications. 
Although the literature reviewed in this section does not address the tribological performance of 
polymer/metal interfaces in the presence of refrigerants, they do give insight into the formation of transfer layers, 
wear mechanisms, and possible environmental factors such as lubricant and humidity which are of concern in 
compressor applications.  The experiments discussed in this section were generally performed at speeds and contact 
pressures well below that of typical compressor operating conditions, therefore transfer film and wear trend 
information may not be directly applicable.  The types of transfer films and their effect on overall wear rates should 
still be relevant to the current study.  The information about the addition of fillers to promote transfer films and 
reduce wear is particularly pertinent, such as the addition of PTFE to PEEK and nylon as well as the addition of 
graphite to PTFE.  It is assumed that blended or filled polymers will be the most likely choices for compressor 
applications mainly due to their enhanced mechanical properties.  Finally, chemical analysis methods such as XPS 
to show chemical bonding of films to metal counterfaces for films which are shown to reduce wear can be applied to 
help explain reduced wear trends.  
1.4 Thesis Outline 
The current study looks at the tribological response of polymer/metal contacts in the presence of refrigerant 
versus ambient air under conditions simulating that of refrigeration compressors.  Ten different polymers are 
employed as potential compressor bearing materials, four unfilled polymers and six blended polymers.  Polymer 
coefficient of friction and wear data are compared for both refrigerant and ambient air environments.  Formation of 
transfer films are investigated through physical, optical, and chemical analyses.  Finally, conclusions regarding the 
applicability of the different polymers for compressor applications are made. 
Chapter 2 describes the experimental equipment used, a High Pressure Tribometer, as well as detailing the 
types of experiments run.  The materials investigated in this study and the test contact geometry are also discussed.  
Chapter 3 is devoted to the experimental results and detailed analysis of unfilled polymer materials testing.  The 
main findings are that testing in R-134A is generally better than testing in air; PTFE has very low coefficient of 
friction, but high wear; PEEK and Polyimide have higher coefficients of friction, but very low wear, and show 
promise for bearing applications; and none of the polymers form complete transfer films/layers.  Chapter 4 
concentrates on the experimental results and analysis of blended polymer materials testing.  All of the six blended 
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materials tested show good performance.  Again, PTFE blends have higher wear than PEEK and polyimide blends, 
yet all have similar steady-state coefficient of friction values in R-134A.  As with unfilled polymers, complete 
transfer layers/films are not created with blended polymers.  Tribological characteristics of the blended materials are 
more favorable in a refrigerant environment than in ambient air.  Finally, Chapter 5 presents the conclusions and 
recommendations derived from this study. 
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Chapter 2:  Experimental Procedures 
2.1 Instrumentation:  High Pressure Tribometer 
A high pressure tribometer (HPT) is the primary experimental equipment used in this study to conduct 
friction and wear experiments, and is depicted in Figure 5.  The HPT simulates typical operating conditions found in 
an air conditioning compressor and has been described extensively in the past (e.g. Sheiretov [15] , Yoon [1], Patel 
[2], Demas [3]).   
 
Figure 5  High Pressure Tribometer 
The HPT uses an upper rotating spindle that holds the disk sample and a stationary lower fixture that holds 
the pin sample.  A power screw moves the bottom fixture in the vertical or z-axis direction to open or close the 
sample chamber and can apply a normal load from approximately 45 N (10 lbf) to 4450 N (1000 lbf).  See Figure 6 
for a simple labeled schematic of the HPT.   The lower sample is mounted to a force transducer which measures the 
forces in the x, y, and z directions.  The absolute resultant of the x and y forces is the force of friction used to 
calculate the coefficient of friction, µ.   There is also a rotary or theta-axis control to regulate the speed and/or 
degree of rotation.  Oscillatory tests up to a frequency of 5 Hz are also possible.  The maximum unidirectional 
rotation is 2000 rpm. 
 9
 
Figure 6  HPT Schematic 
The chamber temperature can be controlled from -20 to 120°C by pumping a heat transfer fluid through the 
spindle which is temperature regulated through an external unit.  The chamber can also be vacuum evacuated and 
then pressurized up to 1.72 MPa (250 psi).  The HPT is computer controlled and data is acquired, plotted 
automatically, and can be exported for further processing.  The software allows for constant or step loading and 
speed variation.  The sampling rate changes as a function of test duration, therefore shorter tests are sampled at 
shorter time intervals than longer tests.  The data acquired includes the actual (measured) normal force, friction force 
(friction coefficient), near-contact temperature of the stationary surface (measured through a miniature thermocouple 
inserted approximately 2 mm below the pin surface), and electrical contact resistance (ECR).  Note that the 
temperature and ECR readings are impaired by non-conducting polymer pins.  For more information on the HPT see 
Sheiretov [15], Yoon [1], Patel [2], and Demas[3]. 
2.1.1 Contact Geometry 
The contact geometry used in this study is a pin-on-disk geometry, where the disk is the upper rotating 
sample, and the pin is the lower stationary sample.  Typical pin and disk test specimens used in HPT 
experimentation are depicted below in Figure 7 and Figure 8, respectively.   
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Figure 7 Typical Pin Geometry 
The pin is inserted into a self-aligning pin holder to ensure continued flat contact of the pin against the disk.  
A picture of the pin holder assembly as mounted on the base assembly is included as Figure 9. 
 
Figure 8 Typical Disk Geometry 
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Figure 9 Pin Mounting/Base Assembly 
2.2 Materials 
Several compressor manufacturers that are members of the Air Conditioning and Refrigeration Center 
(ACRC) were consulted regarding the materials to be tested in this study.  After compiling an exhaustive list of both 
recommended polymers and metal counter surfaces, four unfilled polymers and two metals were chosen to obtain 
preliminary tribological data.  For consistency, the polymers were always used as the pins and the metals were used 
as the disks for the tribological pin-on-disk testing.  The four unfilled polymers tested were Polytetrafluoroethylene 
(PTFE), Polyetheretherkeytone (PEEK), Nylon 6,6, and Polyimide (PI).  These materials were purchased in ¼-inch 
rod from McMaster Carr.  The exact molecular weight and percent crystallinity of these materials is unknown, 
therefore they are regarded as generic.  Typical mechanical properties of these materials were obtained from 
MatWeb [16] and are summarized in Table 1.   
Table 1  Material Properties of Unfilled Polymer Pins 
 Modulus 
(GPa) 
Hardness 
(Rockwell M, R) 
K, Wear Factor  
(10-10in3-min/lb-ft-hr) 
PV Limit  
(MPa-m/sec, psi-ft/min) 
PTFE 0.46 --, 58 -- 0.063, 1800 
Nylon 6,6 2.93 85, 115 80 0.0946, 2700 
Polyimide 1.3-4  110, -- 50 0.35, 9990 
PEEK 3.4 100, 126  235 0.11, 3140 
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The wear factor K is described as the volume of wear per unit normal load per unit distance.  The PV limit 
is the limiting pressure and velocity combination of the material associated with bearing failure due to thermal 
limitations, unacceptable levels of wear, or dimensional stability.  Both K and PV were determined according to the 
standard polymer test method PTM55010 [17].  The hardness numbers were determined using ASTM D785 [18].  
Polymer Rockwell hardness scales differ from those of metals.  Table 2 lists typical Rockwell hardness scales and 
loads for plastic materials [18].  A durometer hardness scale (also referred to as Shore hardness) is also used for 
polymers, mainly rubbers and softer plastics.  This method is described in ASTM D2240-02 [19].  Table 3 depicts 
the chemical structures for the unfilled materials, where n is the number of repeating monomer units.  From the data 
in Table 1 it appears that the polyimide material is the most robust, and can withstand more aggressive 
pressure/velocity conditions of the four materials.  PEEK should wear more than nylon and polyimide, but can 
withstand more aggressive pressure velocity conditions than nylon.  PTFE is the least robust material. 
Table 2  Rockwell Hardness Scales for Plastics 
Rockwell Scale Minor Load (kg) Major Load (kg) Indenter Diameter (mm) 
R 10 60 12.700 ± 0.0025 
L 10 60 6.350 ± 0.0025 
M 10 100 6.350 ± 0.0025 
E 10 100 3.175 ± 0.0025 
K 10 150 3.175 ± 0.0025 
Table 3  Unfilled Polymer Chemical Structures 
PTFE (CF2- CF2)n 
Nylon 6,6 (NH-(CH2)4-NH-CO-(CH2)4-CO)n 
Polyimide 
PEEK 
 
 
The metals chosen for this study are gray cast iron (similar to ASTM Class 30 cast iron) and aluminum 
390-T6.  Primarily, cast iron is used and only representative experiments were performed with the aluminum disks.  
The cast iron disks are G1 cast iron provided by Durabar [20].  The chemical composition of the cast iron and 
aluminum disks are included in Table 4.  The typical roughness (Rq) of the cast iron disks is 0.3 to 0.5 µm, while the 
roughness (Rq) for the aluminum disks is typically 0.7 µm.  These measurements were obtained using 1 mm long 
Dektak profilometric line scans. 
O N O
n
N 
H 
N
O O
O O
N
H
C 
O 
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n 
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Table 4  Chemical Composition of Disk Materials 
Material Element, % by weight 
 C Si Mn S Ph 
Cast Iron 2.6-3.75 1.8-3.0 0.3-0.65 0.07 max 0.12 max 
 
 Al Si Fe Cu Mn Mg Zn Ti 
AL390-T6 76.0 16-18.5 1.0 3.0-4.0 0.5 0.4-1.0 1.0 0.25 
 
After obtaining some baseline information on the tribological performance of the unfilled polymers, several 
commercially available blended polymeric materials were chosen.  The materials chosen were commercially 
available blends of polymers, many of which are intended for low friction and wear applications such as bearing 
applications.  Table 5 outlines the materials investigated in this study and their mechanical properties as reported by 
the manufacturer. 
Table 5  Blended Polymer Material Properties 
Material Trade 
Name Composition 
Modulus 
(GPa) Hardness Vendor 
WP122 90% Teflon®, 
10% Graphite 
-- 60 
(Shore D) 
NAFCO 
(WP122) 
WP191 75% Teflon®, 
23% Carbon, 
2% Graphite 
-- 63 
(Shore D) 
NAFCO 
(WP191) 
Vespel® 
 SP-21 
Vespel® (polyimide), 15% 
Graphite 
2.89 25-45 
(Rockwell E) 
Dupont 
Vespel® 
SP-211 
Vespel® (polyimide), PTFE,  
Graphite 
2.06 1-20 
(Rockwell E) 
Dupont 
PEEK Bearing Grade, 
HPV 
PEEK,  
30% Carbon Fiber/PTFE 
5.86 85 
(Rockwell M) 
Boedeker 
Plastics  
PEEK, Carbon Filled  PEEK, 
30% Carbon Fiber 
9.65 104 
(Rockwell M) 
Boedeker 
Plastics  
Note:  Teflon is a Dupont registered trade name for PTFE. 
 
These blended polymers have enhanced mechanical properties over the unfilled polymers.  The PTFE is 
blended with graphite and/or carbon to improve its mechanical properties, while PEEK and polyimide are blended 
with PTFE and/or graphite to improve their friction characteristics, and PEEK is blended with carbon fiber for 
increased dimensional stability.   The relative hardness of the materials is difficult to ascertain from the above table 
due to the varying hardness scales, yet they follow the same trend as the unfilled materials.  The PEEK and 
polyimide materials have similar hardness, while the PTFE is much softer, even in the blended forms. 
The PTFE blends and the polyimide (Vespel) blends were provided by the vendor in various forms and 
were machined to the specified dimensions.  The PEEK blends were purchased from Boedeker Plastics, Inc in rod 
form.  The costs of the materials are variable.  In general, the PTFE materials are the least expensive, followed by 
the PEEK materials, with the polyimide materials being most expensive. 
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All of the materials in this study, at least in their unfilled form, were investigated in a Department of 
Energy (DOE) study [21] for their compatibility with the fluorocarbon based refrigerants (R-134A, etc.) and 
polyolester (POE) oil which are employed in the current study.  Immersion tests in refrigerants and lubricants were 
performed and mechanical properties of engineering plastics were compared before and after testing.  All of the 
polymers investigated in the current study were deemed compatible with the refrigerants and oils tested. 
2.3 Constant Load Experiments 
2.3.1 “Dry” Unlubricated Experiments 
In order to compare the friction and wear characteristics of various polymeric materials, constant load 
experiments were conducted.  These experiments were performed in both R-134A refrigerant and ambient air 
environments to better understand the effects of refrigerant on polymer tribology, which is the case found in 
compressor applications.  Such experiments, in the absence of lubricant, may be considered as “worst case” or 
aggressive compressor operating conditions.  
Initially, four different unreinforced polymer pin materials were tested against gray cast iron disks in a R-
134A refrigerant environment at a system pressure and temperature of 25 psi (0.172 MPa) and 60 °C, respectively.  
The disks were rotated at 1030 rpm which yielded a linear speed of 2.4 m/s.  A 10 lbf (1.4 MPa) constant load was 
applied during the test duration of 10 minutes.  This load corresponds to the lightest load and an intermediate speed 
used in Sheiretov’s study of blended polyimide materials [4, 5]. These tests were repeated in ambient air.  These test 
conditions may not be sufficiently aggressive for some compressor applications, yet they were chosen due to the 
inferior mechanical properties of the unreinforced polymer pins versus their metal counterparts. 
The disks and pins were cleaned in an ultrasonic cleaner with acetone, followed by an isopropyl alcohol 
rinse, and blown dry.  No swelling or discoloration was observed during cleaning of test specimens, therefore it is 
safe to assume that the acetone and alcohol do not affect the experimental results.  The pins were weighed and 
measured before and after testing.  The lengths were measured within ±12.7 µm (±0.0005 inch) and the mass of the 
specimens were within ±1.0 mg resolutions.  Due to the sensitivity of the scale to the laboratory environment, and 
the extremely low wear by weight for most materials tested, it is believed that the wear by length measurements are 
more accurate, yet both values were reported for comparability. 
The basic “dry” unlubricated tests include the following steps: 
1  The desired chamber temperature is set on the external temperature control unit of the HPT. 
2. A plug is inserted into the base fixture in place of the atomizing nozzle to ensure a good 
vacuum and prevent refrigerant leaks.  
3. The base fixture is mounted into the lower half of the specimen chamber and the 
thermocouple and ECR wires are connected. 
4. The clean pin is placed in the self-aligning pin holder using tweezers, and the disk is mounted 
to the upper spindle.  Care is taken not to contact clean test surfaces with bare hands. 
5. The chamber is closed, vacuum evacuated to 0.1 Torr, and filled with refrigerant to the 
desired pressure.  For the ambient air tests, the chamber is simply closed. 
6. The pin is brought into contact with the disk at an initial load of 10 lbf. 
7. The test is initiated via the computer. 
 15
At least two experiments were conducted for each polymer/metal pin material to ensure repeatability, and 
experiments of cast iron on cast iron were also conducted to serve as baseline data.  Note that initially two tests were 
run at a load of 15 lbf for 15 minutes with PTFE pins, but the wear was excessive, so the 10 lbf test load for a ten 
minute duration was adopted for the other unfilled polymer experiments.   
Applicability of wear characteristics was verified for a different metal counterface, aluminum 390-T6.  
These tests used the same test conditions used for the unfilled polymer constant load tests.  PTFE and PEEK were 
chosen as representative materials to characterize the similarity or differences of polymer wear performance on 
aluminum versus cast iron disks.  SAE 52100 hardened steel was also tested against aluminum, typical interface for 
swashplate automotive compressors, to obtain baseline data.   
Constant load pin-on-disk testing was also performed on the six blended polymers using the same 
parameters as the unfilled polymer testing with the exception of the load.  Due to the increased modulus of the 
blended materials, the load was increased to 50 pounds in order to obtain measurable wear. 
Finally, constant load testing was performed using the bearing grade PEEK as a representative blended 
polymer in a different refrigerant, R-410A.  This testing was performed to understand if the friction and wear 
performance of the polymer is dependent on the refrigerant.  
2.3.2 Starved Lubricated Experiments 
Constant load experiments with a refrigerant/lubricant spray were performed on the bearing grade PEEK to 
better understand any possible changes in friction and wear characteristics of the blended polymer in the presence of 
a boundary and mixed lubrication environment, which is typically found in compressor interfaces.  R-134A was 
used as the refrigerant, and polyolester (POE) oil as the lubricant.  The tests were conducted at a linear speed of 2.4 
m/s, a load of 50 lbf (7.0 MPa), system temperature of 60°C, for ten minutes.  The oil supply rate was 14.48 mg/min 
for one test and 26.3 mg/min for the second test.  A chamber pressure of 25 psi was maintained during the tests. 
The refrigerant/lubricant spray was obtained using the following method: 
1. Clean the 2250 cm3 pressure vessel with a small amount of isopropyl alcohol and dry the 
vessel with compressed air. 
2. Weigh the empty vessel. 
3. Weigh a small amount of POE oil (18-19 drops), approximately 0.45 g, and add it to the 
vessel. 
4. The vessel is immersed in an ice bath then connected to an inverted R-134A refrigerant 
cylinder.  Approximately 2230 g of refrigerant is added (by gravity). 
5. The vessel is mounted on the HPT and piped to the spray inlet (see Figure 10). 
6. The vessel is wrapped with a heating blanket and heated until the pressure reaches at least 240 
psi.  This will take about 45 minutes. 
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Figure 10  Pressure Vessel Mounted to the HPT 
7. Install a small atomizing nozzle in the base of the pin holder assembly to deliver the spray 
directly to the rubbing pair. 
8. The pin and disks are assembled as in the dry experiments.  The chamber is closed and is 
vacuum evacuated. 
9. The spindle rotation is enabled and the vessel is opened, allowing a mist of the 
refrigerant/lubricant mixture to coat the disk surface (~ 2 rotations), then the vessel is closed 
and the rotation is stopped. 
10. The pin is brought into contact with the disk at an initial load of 10 lbf.  
11. The vessel is opened simultaneously with the initiation of the experiment and the refrigerant 
exit hose is opened slightly to maintain a constant pressure of 25 psi in the chamber.  
12. The vessel is closed precisely at the end of the experiment to accurately capture the amount of 
refrigerant and oil used during the experiment. 
2.4 Step Loading or “Scuffing” Experiments 
2.4.1 Starved Lubricated Experiments 
In order to investigate the loading limits and behavior of polymers against metal surfaces, aggressive step 
loading, sometimes referred to as scuffing-type experiments were performed.  For the unfilled polymers, PEEK was 
chosen due to its low wear and high strength.  Due to the fairly high coefficient of friction, the unfilled PEEK step 
loading experiments were performed using a spray of refrigerant/lubricant mixture (R-134A/Polyolester (POE) as 
described in Section 0) to reduce the friction and determine the maximum loading of the polymer.  Loading was 
increased by 10 lbf every 15 seconds for 10 minutes.  The velocity was set to 2.4 m/s and the temperature to 60°C.  
The oil was supplied at a rate of 13-14 mg per minute. 
2.4.2 “Dry” Unlubricated Experiments 
Due to the lower coefficients of friction of the blended polymers, dry (refrigerant only, no lubricant) step 
loading experiments were performed in R-134A.  These experiments were attempted with both the PEEK and 
polyimide (Vespel) blended materials.  The load was increased by 20 lbf (2.8 MPa) every 15 seconds from an initial 
50 lbf (7.0 MPa).  These tests were repeated for smaller diameter pins of bearing grade PEEK with an initial load of 
20 lbf (7.1 MPa), increasing by 10 lbf (3.5 MPa) every 15 seconds. 
 17
Chapter 3:  Experimental Results--Unfilled Polymers 
3.1 Friction and Wear 
3.1.1 Constant Load Experiments 
As discussed in Chapter 2, constant load tests were performed on four unfilled polymers against cast iron 
disks using the HPT.  The tests were run at a linear speed of 2.4 m/s, a temperature of 60°C, with an applied load of 
10 lbf, for a 10 minute duration.  The experiments were performed in R-134A at a system pressure of 25 psi and 
repeated in ambient air.  There are at least two experiments for each material pair to exhibit repeatability.   
Sample raw HPT data for these experiments is shown in Figure 11.  The coefficient of friction was fairly 
steady during the ten minute test duration for most materials.  The temperature did increase very gradually with time 
during the polymer pin tests.  The most significant raise in temperature for polymer/metal pairs was for polyimide 
(~85 °C), whereas the cast iron pins on cast iron heat to 164 °C.  The polymers are insulating, therefore the 
thermocouple inserted into the polymer pin does not give an accurate value of the near surface temperature.  Since 
heat cannot be conducted away from the surface, high temperatures can be generated at the polymer/metal interface. 
The normal load was fairly constant for all the experiments.  There was a short run-in/adjusting period 
(about 30 sec) for the harder polymers, PEEK and PI.  The run-in time for the metal/metal interfaces is 
approximately 2-3 minutes.   
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Figure 11  Typical HPT Data, R-134A Unlubricated Conditions (2.4 m/s, 10 lbf, 60°C) 
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As expected, the pins wore relative to their hardness.  The harder pins, PI and PEEK had little to no 
measurable wear, yet high coefficients of friction (~0.5).  The softest material, PTFE, exhibited high wear and low 
coefficient of friction (~0.3).  The nylon, which has an intermediate hardness, exhibited higher wear and coefficient 
of friction (~0.6) than PEEK or PI.  The polymer wear and friction is contrary to the trend in metals where high 
friction results in high wear and vice versa.  The cast iron on cast iron testing follows the expected trend that high 
friction results in high wear.  The results of all of these tests are summarized in Table 6.  The “Test ID” refers to the 
date and sequence of experiments on a given date, i.e. “8060301” refers to August 6, 2003, test #1.  Pin wear rate in 
mg/min is reported here since two of the tests were a longer duration (15 minutes instead of 10 minutes), therefore to 
more accurately compare the weight loss due to wear, the weight loss is divided by the test duration. 
Table 6  Summary of Unfilled Polymer Testing in R-134A 
Coeff. of Friction
Test ID Pin  Material 
Disk  
Material Mean Std Dev
Max. Temp. 
(°C)  
Pin Wear Rate 
(mg/min) 
Pin Wear by 
Length (µm) 
8060301 PTFE Cast Iron 0.30 0.05 46.37 4.90 609.6 
*8120301 PTFE Cast Iron 0.27 0.05 49.66 8.53 2032.0 
*8120302 PTFE Cast Iron 0.26 0.05 53.67 16.70 2730.5 
8150301 PEEK Cast Iron 0.52 0.10 110.64 0.30 0.0 
8150302 PEEK Cast Iron 0.43 0.08 58.71 0.60 0.0 
8220301 Polyimide Cast Iron 1.00 0.38 87.75 0.80 0.0 
8220302 Polyimide Cast Iron 0.48 0.14 85.74 0.50 0.0 
8220303 Polyimide Cast Iron 0.36 0.09 55.41 0.20 0.0 
8260301 Nylon 6,6 Cast Iron 0.70 0.28 49.37 0.84 228.6 
8260302 Nylon 6,6 Cast Iron 0.56 0.15 53.11 0.80 0.0 
8260303 Nylon 6,6 Cast Iron 0.61 0.14 47.39 0.70 25.4 
8280301 Cast Iron Cast Iron 0.60 0.17 165.83 1.70 63.5 
8280302 Cast Iron Cast Iron 0.63 0.09 164.14 1.90 50.8 
*These two tests were 15 min at a constant load of 15lbf.  There was excessive wear of PTFE under these 
conditions. 
 
The metal disks were not worn, except in the case of the cast iron on cast iron testing, but in all tests some 
polishing or polymer wear layer deposition was evident.  The visible path created on the disk from the pin-on-disk 
testing will be referred to as a “wear track” or “wear path” from this point forward regardless of whether it is 
polymer wear/deposition, metal wear, or light polishing of the disk.  After cleaning with acetone and alcohol, the 
polishing or wear track was often less visible, indicating that a loosely adhered polymer layer was formed on the 
disk.  Loosely adhered layers are reported to have little effect on wear rate [13].  The track on the PI test disks was 
most apparent, while the PEEK and PTFE tracks were barely visible.  For representative samples, see disk 
photographs in Figure 12 and Figure 13. 
The wear track on the disk is from the deposit of polymer onto the metal disk and/or wear of the disk.  
From the literature, it is reported that a polymer film is deposited on the metal counterface and that the production of 
a uniform, adherent film is necessary to reduce wear.  This wear track is investigated further through surface 
profilometry, scanning electron microscopy and chemical analysis (see Sections 3.2 and 3.3). 
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Figure 12  PTFE Wear on Cast Iron  
   
Figure 13  Polyimide (left) and Nylon 6,6 (right) Wear on Cast Iron  
The unfilled polymer testing was repeated in an ambient air environment, to understand the effects of 
refrigerant on the wear and friction of these four polymers.  Sample HPT data is provided in Figure 14. 
Light wear 
track 
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Figure 14  Sample HPT Data, Ambient Air Unlubricated Conditions (2.4 m/s, 10 lbf, 60°C) 
The results are summarized in Table 7.  Again, the disks exhibited some indication of the wear track, which is more 
evident for the PI than the PTFE samples. 
The ambient air testing shows similar friction and slightly higher wear to the R-134A data for the four 
unfilled polymers, yet the nylon 6,6 and cast iron pin tests were unstable indicating a poor interface under these test 
conditions.  The combination of friction forces, including adhesive forces, is too high for a stable test.  Stable tests 
were possible in the R-134A environment implying that the R-134A caused some type of cooling or even lubrication 
effect which reduced the friction forces, enabling a stable test.  The recorded temperatures for the stable tests are 
about the same for PTFE yet higher for the other materials compared with the temperature readings in the refrigerant 
testing.  This may indicate that the nylon 6,6 and cast iron pins are more susceptible to changes in operating 
temperatures than the other materials. 
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Table 7  Summary of Unfilled Polymer Testing in Ambient Air 
Ave. Coeff. of 
Friction/St. Dev. Test ID Pin Material 
Disk 
Material 
Mean Std Dev
Max. Temp. 
(°C) 
Pin Wear Rate 
(mg/min) 
Pin Wear by 
Length (µm) 
9090301 PTFE Cast Iron 0.23 0.04 40.62 7.9 1168.4 
9090302 PTFE Cast Iron 0.20 0.03 44.16 11.9 1752.6 
9110301 Polyimide Cast Iron 1.01 2.03 95.55 2.1 457.2 
9110302 Polyimide Cast Iron 0.51 0.08 83.47 0.5 0.0 
9110303 Polyimide Cast Iron 0.39 0.11 97.36 0.3 0.0 
10040301 Cast Iron Cast Iron -- -- 173 ** ** 
10040302 Cast Iron Cast Iron 0.9 -- 68 ** ** 
10100301 PEEK Cast Iron 0.37 0.09 90.7 0.8 25.4 
10100302 PEEK Cast Iron 0.49 0.19 70 0.4 38.1 
10100303 Nylon 6,6 Cast Iron 0.45 0.09 87.13 0.6 50.8 
10100304 Nylon 6,6 Cast Iron 0.42 0.07 53.83 ** ** 
10100305 Nylon 6,6 Cast Iron 0.64 0.18 59.75 ** ** 
** These tests were stopped prematurely due to unstable test conditions (i.e. the pin slipped/was pushed to 
horizontal position due to very high friction). 
 
Overall, the experiments in R-134A refrigerant exhibit better friction and wear characteristics than 
experiments conducted in ambient air.  This is most notable for nylon 6,6 and cast iron pins which create an unstable 
test in an ambient air environment.  PEEK, PTFE, and polyimide all perform similarly in refrigerant and in air. 
Comparative results for tests performed in refrigerant and in air are graphically represented in Figure 15.  
PTFE wear is very high, whereas the other three polymers show similar performance.  The error bars in Figure 15 
and all future figures in this study represent minimum/maximum values. 
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Figure 15  Comparison of Unfilled Polymer Performance in Air vs. R-134A 
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Figure 16 zooms in on the differences between PEEK, polyimide, and nylon 6,6.  Note that in air, cast iron 
and nylon 6,6 are unstable interfaces. 
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Figure 16  Comparison of Unfilled Polymer Performance in Air vs. R-134A (No PTFE) 
Figure 15 and Figure 16 emphasize that PTFE has the lowest friction and highest wear regardless of the 
environment, while PEEK and Polyimide exhibit somewhat high friction and lower wear. 
The unfilled polymer friction and wear results were also verified against another metal, AL390-T6 in the 
presence of R-134A.  The results of this testing yielded very similar friction and wear results to cast iron disk 
testing.  The raw HPT data are depicted in Figure 17.  These results are also summarized in Table 8.  The SAE52100 
pins increased in length by gouging the aluminum disks; consequently this caused very unstable friction readings.  
All polymer pins left a very mild wear film/debris or polishing on the aluminum disks, similar to the cast iron 
experiments. 
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Figure 17  Sample HPT Data for Polymers vs. Aluminum in R-134A 
Table 8  Test Results for AL390-T6 Disks (2.4 m/s, 10 lbf, 60°C, 10 min) 
Coeff. of Friction
Test ID Pin Material Disk Material Mean Std Dev
Max. 
Temp. (°C)
Pin Wear Rate 
(mg/min) 
Pin Wear by 
Length (µm) 
10170301 PTFE AL390-T6 0.27 0.04 51.09 5.4 850.9 
10170302 PTFE AL390-T6 0.28 0.05 54.30 3.3 457.2 
10170303 PEEK AL390-T6 0.62 0.13 55.64 0.2 12.7 
10170304 PEEK AL390-T6 0.34 0.05 52.88 0.2 0.0 
10210301 SAE 52100 AL390-T6 0.75** ** 128.84 0.4 -101.6 
10210302 SAE 52100 AL390-T6 ** ** 145.81 0.4 -114.3 
** These tests were stopped prematurely due to unstable test conditions. 
 
Figure 18 compares the wear and coefficient of friction data for both PEEK and PTFE versus both 
aluminum and cast iron counterfaces.  The average coefficient of friction for PTFE and PEEK is the same regardless 
of cast iron or aluminum counterface, yet wear is slightly less against aluminum disks.  For these combinations of 
disks and pins, the type of metal disk does not appreciably affect the polymer friction and wear characteristics. 
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Friction and Wear on Cast Iron vs.
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Figure 18  Comparison of Polymer Behavior on Cast Iron vs. Aluminum in R-134A 
3.1.2 Step Loading Experiments 
The results of the constant load testing showed that PTFE and Nylon 6,6 could not withstand greater loads 
without reduced performance, while PEEK and polyimide showed promise for higher loads.  The results of the two 
step loading experiments show that at 2.4 m/s, 13-14 mg/min lubricant supply, and 60°C, PEEK mechanically fails 
(collapses) at 350 lbf or 49 MPa and has an average coefficient of friction of 0.13 against cast iron.  The HPT results 
for these tests are shown in Figure 19.  The slight rise in the coefficient of friction at the end of the test is from the 
metal disk rubbing on the steel pin holder after the PEEK pin failed. 
Previous work by Patel [2] demonstrated that SAE52100 shoes (crowned geometry) versus AL390-T6 
disks scuff at approximately 510 lbf (~29 MPa) under aggressive step loading conditions with a starved 
lubricant/refrigerant spray.  This scuffing is actually a cold welding/seizure of the shoe to the disk.  The test 
conditions were very similar to those of the current study except that R-410A was used by Patel versus R-134A, and 
the oil delivery rate was approximately double that of this study.   
In a separate study, Demas [3] performed step loading of cast iron pins on cast iron disks in R-134A with 
polyalkylene glycol (PAG) oil.  In Demas’ study, the lubricant was applied through an absorbing medium instead of 
a refrigerant/lubricant spray.  The scuffing load was approximately 590 lbf (83 MPa).  Although the failure in the 
current study is mechanical failure of the pin and not scuffing as in the studies by Patel and Demas, the failure loads 
for the interface can be compared.  The comparisons to Patel’s and Demas’ work are actually very promising for the 
PEEK material considering that the wear is also minimal.  With fillers to increase the maximum compressive 
pressure and improve dimensional stability, PEEK may very well have comparable or better performance than its 
metal counterparts. 
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Figure 19  Lubricated Step Load with PEEK on Cast Iron (2.4 m/s, 60°C, R134a/POE) 
3.1.3 Concluding Remarks 
The emphasis to this point has been on friction and wear characteristics of the materials.  The main findings 
thus far are that experimentation in R-134A is slightly better than experimentation in ambient air, PEEK and 
polyimide show promise as replacements for metallic bearing parts, and PTFE, despite its low friction, wears 
excessively and is not dimensionally stable even under low loads.  It is now necessary to try to understand the 
mechanisms of friction and wear with these material pairs.  Surface profilometry, scanning electron microscopy, and 
chemical analysis were performed to better understand the wear mechanisms. 
All of the coefficient of friction values reported in Chapter 3 are actually coefficient of frictional torque.  
These values should be used only for relative comparison of the materials investigated here.  The actual coefficient 
of friction was not reported due to an electrical problem with the HPT.  This electrical problem was located and 
remedied prior to the blended polymer testing discussed in Chapter 4.  For more information on frictional torque and 
the problems experienced with the HPT during the unfilled polymer testing, see Appendix A.   
3.2 Surface Profilometry 
A Dektak surface profilometer, capable of only line scans, was used to measure the roughness of the disks, 
as well as quantify the disk wear tracks.  Scans were also performed to reveal any evidence of polymer deposits on 
the disk.  Roughness measurements were obtained from 1 mm long scans perpendicular to the machining marks on 
the disk.  Ten millimeter long scans (also perpendicular to the machining marks) were used for the wear depth scans 
to capture the 6.8 mm pin diameter and some untested area on either side of the wear path.  See Figure 20 for the 
approximate locations of the disk scan areas.  On the less prominent wear tracks, this was difficult since the wear 
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track was not visible through the Dektak optics. The surfaces were profiled using a 2.5 µm stylus tip and a load of 
15 mg.  Note that this load translates to a 115-419 MPa (depending on the polymer film) Hertzian pressure (see 
Appendix B for more information on Hertzian contacts).   
Polyimide creates the most visible wear path of the unfilled polymeric materials, therefore these samples 
were concentrated on for surface study.  From the profilometer scans it is difficult to ascertain if there is any transfer 
layer Figure 21 is a typical surface profile of a polyimide wear track on cast iron tested in refrigerant and Figure 22 
and Figure 23 are profiles of the polyimide wear track tested in ambient air.  Although the disk has a visible wear 
track as previously seen in Figure 13, it is clearly not measurable by the surface profiles of any of the three disk 
samples.  The polymer deposited on the disk is either too non-uniform to show a raised film, or possibly the 
profilometer measuring conditions are too severe resulting in plowing through the film.  Appendix B reveals that 
either lighter applied loads or a larger stylus tip radius is necessary to measure the softest polymer films accurately.  
Scanning electron microscopy was later used to investigate this visible path further. 
 
Figure 20  Wear Scan and Roughness Scan Locations 
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Figure 21  Polyimide (Tested in R-134A) Wear Scan 
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Figure 22  Polyimide (Tested in Air) Wear Scan 
0 1 2 3 4 5 6 7 8 9 10
-4
-2
0
2
Scan Length (mm)
S
ur
fa
ce
 H
ei
gh
t (
µm
)
Test ID 9110302
 
Figure 23  Polyimide (Tested in Air) Wear Scan Alternate Location 
In an attempt to capture the effects of the visible polyimide wear track, roughness measurements were 
taken in several places both inside and outside the wear track.  This also proved inconclusive.  The roughness scatter 
is wide enough, and it is difficult to ascertain if the roughness is different in the wear track versus the untested area 
of the disk.  See Figure 24 for an example of these scans. The average roughness (Rq) of the virgin disks varied 
from 0.3 to 0.5 µm.   
Further investigation of roughness comparisons within and outside of the wear track has been attempted 
using both 1-D and 2-D surface scans with the aid of a Tencor Profilometer.  This preliminary work is included in 
Appendix C.  In general, the roughness parameters within and outside of the wear path do not seem to follow any 
trend for 1-D or 2-D scans, possibly because samples are too rough and changes are too small to differentiate 
between roughness scatter and very thin films or wear. 
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Figure 24  1mm Roughness Scans, Top: Untested Area (Rq=0.49µm), Bottom: Wear Track Area (Rq=0.54µm) 
Some of the pins were also analyzed with the Dektak profilometer.  It is assumed that the roughness of the 
pins is not important, since it is the softer/wearing material.  The representative pins (PTFE, Nylon, PEEK) that 
were measured had a Ra roughness of 0.6 to 0.85 µm.  The profiles of all of the pin surfaces measured appeared to 
be slightly concave (see Figure 25 for typical pin surface).  This is due to thermal shrinking during the machining of 
the pins.  The relatively soft pins should conform under the applied load to the flat disk and not affect the 
tribological characteristics of the interface.  
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Figure 25  Nylon Pin Surface Profile 
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3.3 Scanning Electron Microscopy and Chemical Analysis 
All scanning electron microscopy (SEM) was performed on a Zeiss Digital Scanning Microscope, DSM 
960.  The wear track of the polymer pin on the cast iron disks is roughly perpendicular to the machining lines.  The 
approximate wear direction is indicated with an arrow on the SEM images.  Figure 26 is an example of these 
images.   
Machining 
marks 
Wear marks 
 
Figure 26  Polyimide in R-134A (500x) 
From the SEM images, it is difficult to tell if the polymer transfer film is incomplete or just non-uniform.  
The gray scale images are not conclusive.  To better understand the wear track surface composition, chemical 
analysis must be performed. 
3.3.1 Auger Electron Spectroscopy (AES) 
Auger Electron Spectroscopy was performed on areas of the 15 lbf PTFE test disk (Test ID 08120302) to 
check for evidence of a transfer layer.  AES uses the emission of Auger electrons to characterize the surface 
elements of a sample.  This equipment alternatively characterizes surface elements and then sputters the surface, 
then analyzes the surfaces again.  The final sputter depth can be altered, but is usually in the range of 2 to 100 nm.  
This sputtering allows for a determination of surface layer thickness.  The spot size of the AES is approximately 1 
µm, which is small enough to fit within a contrasting area without having an averaging effect over more than one 
contrasting area.  Figure 27 shows an SEM image captured by the Auger of a small area of the wear track. 
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Figure 27  SEM Image of PTFE Wear Particles on Cast Iron Disk 
It is evident from AES that the black dots and smears are globules of PTFE, while it appears that most of 
the wear track area has an oxide on it.  It is difficult to tell if the areas not represented by black markings in Figure 
27 have any PFTE present, since the iron and fluorine emission peaks overlap.  There are three primary peaks for 
iron, and there does not appear to be an increase in the peak that overlaps with fluorine, indicating that there is not a 
strong fluorine presence.  Also, there is an oxide present in these areas, which would probably not form on top of a 
PTFE layer (oxide not evident on PTFE globules).  On this sample, PTFE does not appear to form a cohesive 
film/layer across the wear track.  A non-wear track area of the disk was also analyzed with AES.  This area also had 
traces of PTFE present.  It suggests that PTFE clings to the metal surface, therefore it is not clear if these particles 
on or off the wear track are just debris remaining after the ultrasonic cleaning, or if there is some chemical 
bonding/adhesion due to the wear testing. 
The AES analysis revealed that there is not a full transfer film, only some isolated PTFE transfer.  This is 
contradictory to established literature, which report PTFE films or layers on sliding countersurfaces [12-14].  A 
separate investigation of PTFE transfer films using various sliding speeds and normal loads was conducted to better 
understand the formation of transfer films.  This supplementary investigation indicates that transfer films or layers 
are produced at room temperature by PTFE on cast iron at speeds less than or equal to 0.5 m/s (versus the 2.4 m/s 
speed used in the current study) regardless of load.  Rougher surfaces produce thicker transfer layers (0.5 to more 
than 2 µm) which can be at least partially removed by scraping with a finger nail, while polished surfaces produce a 
thinner film or polishing of the disk, which can not be measured.  It also appears that the friction benefits arise in the 
first few passes of PTFE on cast iron.  SEM images are inconclusive regarding the coherency of transfer layers.  See 
Appendix D for more information on this transfer film study. 
3.3.2 Energy Dispersive X-Ray Spectroscopy (EDX) 
To verify the AES results presented above, EDX was investigated due to its relative ease of use and small 
spot size.  The Zeiss SEM has this add-on capability.  This technique has a resolution of 1 µm.  The voltage was set 
to 10 kV and the EDX window changed to the ultra thin window (UTW) to capture the lighter elements such as 
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carbon, oxygen, and fluorine which are the main elements in the polymers tested.  The capture time was 120 seconds 
to obtain significant peak intensity of the surface elements.  The working distance of the SEM was set to 20 mm for 
the EDX capture mode.  This type of analysis only identifies surface elements, not compounds, but is useful for 
identifying the main constituents of the contrasting areas.  At least two points in each contrasting area were analyzed 
for repeatability. 
PTFE was analyzed with EDX, confirming the AES results.  The SEM images are included in Figure 28 
and Figure 29 showing the wear direction and Table 9 shows a summary of the EDX results.  The elements 
corresponding to each contrasting area are listed in order of peak intensity; i.e. if carbon and fluorine are listed first, 
they are detected before the iron, thus there is polymer on the surface.  In the polymers that do not contain fluorine, 
high carbon and oxygen peak intensities versus iron peak intensities would indicate polymer on the surface.  
Conversely, if iron is listed first, there is not polymer on the surface of the area surveyed. 
White Spot 
Dark Area 
Light Area
 
Figure 28  PTFE in R-134A (500x) 
Dark line
 
Figure 29  PTFE in Air (500x) 
Table 9  PTFE EDX Results 
  Major Elements (in order of peak intensity)  
Pin Material  Light Area White Spot Dark Area Dark Line Virgin Area 
PTFE R-134A Fe, Si, O C, F, Si, Fe, O O, Fe, C C, Fe, F, Si, O Fe, Si, O, C 
PTFE Air Fe, Si, O, C C, Fe, F, Si, O Fe, Si, C, O  Fe, Si, O, C 
 
Examining Table 9, some of the dark areas and lines are polymer (contain fluorine, F) while others are not.  
The white particles are PTFE, showing strong carbon and fluorine peaks in the EDX spectrum.  This analysis shows 
that the light areas are the same as virgin areas of the disks, indicating that there is no PTFE in the light areas.  There 
is only spotty PTFE deposits present versus a continuous (even non-uniform) polymer layer.  There does not appear 
to be a difference between the specimens tested in refrigerant versus those tested in ambient air.  Sample EDX 
spectrums of white and light areas of a PTFE wear path are provided in Figure 30 and Figure 31. 
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Figure 30  EDX Spectrum for White Spot on PTFE Wear Path 
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Figure 31  EDX Spectrum for Light Area on PTFE Wear Path 
PEEK wear paths were also analyzed with this method.  The SEM images are included in Figure 32 and 
Figure 33 showing the wear direction and a summary of the EDX results are provided in Table 10. 
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Figure 32  PEEK in R-134A 
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Figure 33  PEEK in Air 
Table 10  PEEK EDX Results 
  Major Elements (in order of peak intensity)  
Pin Material  Light Area White Spot Dark Area Dark Spot Virgin Area 
PEEK R-134A Fe, Si, O, C C, 0 C, O Fe, Si, O, C Fe, Si, O, C 
PEEK Air Fe, Si, O, C  C, O C, O Fe, Si, O, C 
 
The areas with PEEK are identified by their large carbon and oxygen peaks in the EDX spectrum, which 
are the dark areas in Figures 32 and 33.  Some of the smaller black spots also indicate iron.  This may be due to a 
very thin layer of polymer which does not dominate the EDX spectrum, or possible misplacement of the EDX spot 
resulting in an averaging effect over the dark spot and the surrounding light area.  Again the light area has the same 
spectrum as a virgin area of the disk, indicating that polymer is not present, therefore there is only sporadic PEEK 
debris in the wear path. 
EDX was not performed on the Polyimide and Nylon 6,6 samples, yet from their SEM images (Figure 34 
and Figure 35) it is apparent that only a patchy transfer film is present. 
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Figure 34  Polyimide in R-134A (500x) 
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Figure 35  Nylon 6,6 in R-134A (500x) 
Looking at an SEM image of PEEK on an aluminum disk, Figure 36, it is less clear if the polymer layer is 
sporadic or just non-uniform.  On careful inspection, it can be seen that there are bare metal areas present.  This 
image is difficult to interpret because of the strong machining lines leading to a rougher surface than the cast iron 
disks. 
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Figure 36  PEEK on Aluminum Disk 
From this chemical analysis it is apparent that the unfilled polymers do not form continuous transfer films 
on the metal disks, which are thought to be necessary for reduced wear.  Also, from the constant load and step 
loading experiments, most of these unfilled polymers are not mechanically robust enough to replace the metal 
bearing part to make a polymer/metal bearing pair, although PEEK and polyimide show good mechanical and wear 
properties.  Adding fillers to some of these polymers improves their mechanical, friction, and wear properties.  
Filled or blended materials, particularly those comprising of polyimide and PEEK show promise for use in 
compressors.  The results of the testing of these blended polymers are discussed in Chapter 4. 
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Chapter 4:  Experimental Results--Blended Polymers 
4.1 Friction and Wear 
4.1.1 Constant Load “Dry” Unlubricated Experiments 
The six blended polymers were tested in both R-134A and ambient air at a constant load of 50 lbf (7.0 
MPa), a temperature of 60°C, and a speed of 2.4 m/s for 10 minutes on cast iron disks.  Examining the sample HPT 
data in Figure 37, for the testing in refrigerant, the two Vespel samples have an initial coefficient of friction, much 
higher than the mean of the other materials, after approximately two minutes, it reduces until it is about the same as 
the mean for the other materials.  The PEEK blends also have an increased initial friction, yet it more quickly 
reduces and levels off.  The PTFE blends have fairly consistent friction during the course of the 10 minute 
experiment. 
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Figure 37  Sample HPT Data for Blended Polymers in R-134A  
The constant load testing revealed that the PEEK and polyimide (Vespel) blended materials exhibited 
minimal wear at 50 lbf (7 MPa), while the PTFE blended materials’ wear is more significant in both refrigerant and 
ambient air testing environments.  The average friction coefficient is roughly the same for all of the six blended 
polymers tested in the R-134A environment, yet this does not hold true for the testing in ambient air.  In ambient air, 
the two blended polyimide (Vespel) samples have higher friction than the other materials (µ=0.35 to 0.47 vs. µ=0.12 
to 0.26).  A summary of the constant load testing in refrigerant is presented in Table 11 and relative wear data is 
presented graphically in Figure 38 (note that the different materials are assigned a reference number).  The 
coefficient of friction values reported in this chapter are the correct values as discussed in Appendix A. 
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Table 11  Summary of Blended Polymer Testing in R-134A 
Coeff. of Friction 
Test ID Mat’l # Pin Material 
Mean Std Dev 
Max. 
Temp 
(°C) 
Pin Wear by 
Weight (mg) 
Pin Wear 
by Length 
(µm) 
2170401 1 VESPEL SP-211 0.18 0.03 44.82 4 25.4 
2170402 1 VESPEL SP-211 0.18 0.04 46.80 1 0 
2170403 2 VESPEL SP-21 0.17 0.09 93.88 0 25.4 
2170404 2 VESPEL SP-21 0.18 0.09 52.73 1 25.4 
2200401 3 PTFE w/Graphite  0.13 0.02 44.88 31 622.3 
3020401 3 PTFE w/Graphite  0.13 0.02 47.55 39 660.4 
3020402 4 
PTFE w/Graphite, 
Carbon  0.14 0.02 56.90 18 317.5 
3020403 4 
PTFE w/Graphite, 
Carbon  0.15 0.01 56.98 14 406.4 
3010401 5 PEEK w/Carbon 0.08 0.03 69.63 0 25.4 
4200404 5 PEEK w/Carbon 0.14 0.05 error 5 12.7 
3010403 6 PEEK BG 0.09 0.03 49.28 0 12.7 
4200405 6 PEEK BG 0.10 0.02 error 0 25.4 
8280301 -- Cast Iron 0.60 0.17 165.83 19* 53.3* 
8280302 -- Cast Iron 0.63 0.09 164.14 17* 50.8* 
* Data for 10 lbf load, high friction prohibits successful 50 lbf dry refrigerant test. 
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Figure 38  Blended Polymer Wear in R-134A 
1) Vespel SP-211 
2) Vespel SP-21 
3) WP122 
4) WP191 
5) PEEK w/carbon 
6) PEEK BG 
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Since the wear of the PEEK and Vespel blended samples is very minimal, it is difficult to distinguish one 
as having better wear characteristics than the other.  Thus, higher constant load tests were run to achieve more wear.  
The PEEK blended with carbon sample was tested at 200 lbf for 30 minutes in R-134A.  The pin was weighed then 
tested for another 30 minutes.  The pin weight at 30 and 60 minutes did not change. The test was repeated for Vespel 
SP-211, then the test was repeated for Vespel SP-21, yet the HPT was not able to maintain the set velocity due to the 
very high initial friction of the material and the torque limitations of the HPT.  These results are shown in Figure 39 
and summarized in Table 12.  This testing sequence was abandoned with the understanding that the wear of these 
four blended materials is significantly better than the PTFE blends or metallic materials.  The frictional 
characteristics of the PEEK blended materials are preferable to that of the polyimide (Vespel) blends in R-134A 
since the PEEK blends have consistently lower friction during the 10-minute experiment and do not have the long 
high friction period before reaching steady state. 
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Figure 39  HPT Data for 200 lbf Constant Load Tests 
(Note: PEEK w/ carbon test was disrupted at 30 min. and restarted.  The HPT had difficulty maintaining set 
velocity for all tests, particularly the SP-21 test which was stopped early.) 
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Table 12  Summary of 200 lbf Constant Load Testing 
Coeff. of Friction 
Test ID Mat’l # Pin Material 
Mean Std Dev 
Max. 
Temp 
(°C) 
Pin Wear 
by Weight 
(mg) 
Pin Wear 
by Length 
(µm) 
4030401, 
4030402 5 PEEK w/ carbon 0.16 0.03 80 2 101.6 
4050401 2 VESPEL SP-21 0.35 0.03 35 NA NA 
4050403 1 VESPEL SP-211 0.12 0.04 58 4 101.6 
 
A short experiment (Test ID 04270402) was performed on the Vespel SP-21 to compare the performance 
during the high friction period, noted during refrigerant environment testing, to a full 10 minute test.  The test was 
run for 1.8 minutes in R-134A.  The wear of the pin is similar to that of the full-length tests (1 mg and 38 µm vs. 1 
mg and 25.4 µm in the 10-minute test) indicating that the entire pin wear is occurring during the first 1.8 minutes.  
The HPT data provided in Figure 40 shows that the 1.8 minute data mimics the first 1.8 minutes of the full ten 
minute test, therefore this is repeatable data. 
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Figure 40  Short Term Friction Response for Vespel SP-21  
(*note temperature readings for 1.8 min test are not accurate) 
 
The HPT data, Figure 41, for the ambient air testing shows that the initial high friction for the Vespel 
materials is maintained throughout the test versus reducing as in the refrigerant environment testing.  The PTFE 
blended materials have consistent friction for the test duration and do not seem to be affected by the refrigerant 
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versus air environments.  The PEEK blended materials have the same general friction trend as in the refrigerant 
testing environment, yet the steady-state friction is slightly higher.  In addition, the Vespel materials appear to be 
more conducting than the other materials, with the near surface temperature readings increasing over time, while the 
other four materials’ temperatures are fairly constant for the test duration.  This indicates that Vespel materials may 
be able to withstand higher temperatures, i.e. more aggressive operating conditions than other blended materials, 
since they are able to conduct some of the heat away from the surface. 
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Figure 41  Sample HPT Data for Blended Polymers in Ambient Air  
A summary of all constant load ambient air testing is found in Table 13 and wear data is compared 
graphically in Figure 42.  
During the testing of the harder PEEK and Vespel blended materials, there is a loud noise associated with 
the first several seconds of each test regardless of air or refrigerant environment.  It is postulated that most of the pin 
wear occurs during this time.  Verification of this subject is a possible topic for future study.  From the 1.8 minute 
short term test on Vespel SP-21 and a 30 second test on PEEK w/ carbon and PTFE (PEEK BG) (Test 
ID#05070401, wear =0 mg, =25.4 µm), this appears to be true.  These two tests were performed in R-134A at a 
constant load of 50 lbf, at a temperature of 60°C, and at a velocity of 2.4 m/s.  HPT data for the short term PEEK 
BG test versus the full length test is provided in Figure 43.  This data indicates the repeatability of the experiments 
regardless of time interval. 
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Table 13  Summary of Blended Polymer Testing in Ambient Air 
Coeff. of Friction 
Test ID Mat’l # Pin Material 
Mean Std Dev 
Max. 
Temp 
(°C) 
Pin Wear 
by Weight 
(mg) 
Pin Wear 
by Length 
(µm) 
3240404 1 VESPEL SP-211 0.36 0.02 89.88 2 25.4 
4200401 1 VESPEL SP-211 0.35 0.02 error 3 50.8 
3240403 2 VESPEL SP-21 0.47 0.02 128.24 4 50.8 
4190403 2 VESPEL SP-21 0.47 0.23 error 1 25.4 
3240401 3 PTFE w/Graphite 0.15 0.01 43.80 23 558.8 
4200402 3 PTFE w/Graphite 0.14 0.01 error 41 1384.3 
3240402 4 PTFE w/Graphite, Carbon 0.20 0.01 54.16 15 495.3 
4200403 4 PTFE w/Graphite, Carbon 0.17 0.01 error 22 381 
3240405 5 PEEK w/Carbon 0.26 0.07 63.50 1 38.1 
4190401 5 PEEK w/Carbon 0.26 0.07 error 1 38.1 
3240406 6 PEEK BG 0.17 0.06 53.26 0 12.7 
4190402 6 PEEK BG 0.12 0.04 error 3 38.1 
Note: “error” indicates erroneous near surface temperature due to faulty thermocouple. 
 
Figure 44—Figure 49 are examples of the varying polymer wear on the cast iron disks.  There is visible 
evidence of polymer transfer or polishing of disk in the wear track area for all samples. 
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Figure 42  Blended Polymer Wear in Ambient Air 
1) Vespel SP-211 
2) Vespel SP-21 
3) WP122 
4) WP191 
5) PEEK w/carbon 
6) PEEK BG 
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Figure 43  Short Term HPT Data for PEEK BG 
 
Figure 44  Vespel SP-211 in R-134A 
 
Figure 45  PTFE w/ Graphite in R-134A 
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Figure 46  Vespel SP-21 in R-134A 
 
Figure 47  PTFE w/ Graphite and Carbon in R-134A 
4.1.2 Constant Load Experiments in R-410A 
Another series of experiments were performed to verify whether tribological performance is affected by 
refrigerant choice.  Limited tests were performed with Vespel SP-21 in R-410A.  The sample HPT data shown in 
Figure 50 indicated the same general trend for both R-134A and R-410A.  A summary of this testing is provided in 
Table 14.  As in the R-134A testing, the Vespel SP-21 has a initial high friction which gradually decreases after 
approximately 1.5 minutes to a reduced steady-state friction.  In one of the two R-410A tests the coefficient of 
friction appears to fluctuate before reaching steady-state conditions.  The average coefficient of friction is slightly 
higher for tests conducted in R-410A than in R-134A (0.24 versus 0.17), but this difference is small.  The R-410A 
wear data is within error of the R-134A wear data.  Thus based on these limited tests, there seems to be no 
significant dependency of the tribological behavior of Vespel SP-21/cast iron sliding pair on the type of refrigerant. 
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Figure 48  PEEK BG in R-134A 
 
Figure 49  PEEK w/ Carbon in R-134A 
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Figure 50  Vespel SP-21 Performance in R-134A vs. R-410A 
C
oe
ffi
ci
en
t o
f 
Fr
ic
tio
n,
 µ 
N
or
m
al
 L
oa
d 
(lb
f) 
 45
Table 14  Summary of Testing in R-410A 
Coeff. of  Friction 
Test ID Mat’l # Pin Material 
Mean Std Dev
Max. 
Temp 
(°C) 
Pin Wear by 
Weight (mg) 
Pin Wear by 
Length (µm)
4270402 2 VESPEL SP-21 0.25 0.08 error 4 12.7 
4270404 2 VESPEL SP-21 0.24 0.07 error 2 50.8 
 
4.1.3 Constant Load Starved Lubricated Experiments 
A few experiments were also performed in a refrigerant/lubricant spray environment to better understand if 
the lubricant would affect the friction and wear performance of these interfaces.  The oil rates for these tests were 
14.48 mg/min and 26.3 mg/min.  These experiments are shown in Figure 51 and the data is summarized in Table 15. 
The oil rates used in these experiments is very minimal, yet they seem to affect the performance of PEEK 
BG favorably.  The initial coefficient of friction is lower than in dry R-134A and it remains constant for the test 
duration.  It appears that wear is also decreased, but is within error of the dry refrigerant experiments.   
4.1.4 Step Loading Experiments 
Step loading tests were performed for PEEK BG.  Smaller diameter pins were utilized for the PEEK BG 
testing (0.158” vs. 0.25” diameter) to circumvent the HPT torque limitations.  These smaller diameter pins do not 
have thermocouple holes, therefore temperature is not monitored.  The pressure velocity limit was noted at the point 
when the pin begins to deform or bulge (see Figure 52).   
0 1 2 3 4 5 6 7 8 9 10
0
20
40
60
Lo
ad
 (l
bf
)
0 1 2 3 4 5 6 7 8 9 10
0
0.2
0.4
Fr
ic
tio
n,
 µ PEEK BG in R-134A/POEPEEK BG in R-134A/POE (2)
0 1 2 3 4 5 6 7 8 9 10
0
20
40
60
Te
m
pe
ra
tu
re
 (o
C
)
Time (min)  
Figure 51  HPT Data for Lubricated Experiments (50 lbf, 2.4 m/s, 60°C) 
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Table 15  Summary of Lubricated Experiments 
Coeff. of Friction 
Test ID Mat’l # Pin Material 
Mean Std Dev
Max. 
Temp 
(°C) 
Pin Wear by 
Weight (mg) 
Pin Wear by 
Length (µm)
4280401 6 PEEK -BG 0.08 0.01 40.64 1 0 
4280402 6 PEEK -BG 0.08 0.01 39.82 2 0 
 
 
Figure 52  Untested Pin (left) and Bulged Pin (right) 
The PTFE blended materials are noticed to bulge slightly at the 50 lbf constant load tests:  Thus, the load 
limit at 2.4 m/s is assumed to be 50 lbf.  Sample HPT data for the PEEK BG step loading experiments is shown in 
Figure 53 and a summary of pressure velocity limitations of tested materials is provided in Table 16. 
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Figure 53  Sample Step Loading Results for PEEK BG 
Initial Pin Deformed Pin 
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Table 16  Pressure/Velocity Limitations of Select Materials 
Test ID Pin Material Velocity (m/s) Load Limit (lbf) 
Pressure 
(MPa) 
3300401 PEEK BG 2.4 185 65 
3310401 PEEK BG 2.4 160 56 
3310402 PEEK BG 2.4 180 63 
3310403 PEEK BG 3.5 120 42 
2200401 PTFE w/ graphite 2.4 50 7 
3020402 PTFE w/ graphite and carbon 2.4 50 7 
 
In general, as you increase the sliding velocity, the pressure limit decreases.  This holds true for the PEEK 
BG material, which decreases from an average value of 61 to 42 MPa with an increase in velocity from 2.4 m/s to 
3.5 m/s.  It is also evident from this data that PEEK BG can withstand much higher pressures and velocities than the 
primarily PTFE blends.  It is speculated that the other PEEK and Vespel blended materials will perform similarly to 
the PEEK BG. 
4.2 Surface Profilometry 
The Tencor P-15 Profiler was utilized for performing wear scans across the width of the wear path.  This 
instrument can apply sub-milligram loads which are not available on the Dektak instrument.  These low applied 
loads will more accurately capture soft surface films such as polymers.  See Hertzian calculations in Appendix B to 
understand how load and stylus tip diameter affect the polymer films.  A scan length of 10 mm was used to capture 
the 6.8 mm wear path as well as some untested area on either side of the path.  A 2 µm tip radius and a 0.2 mg load 
was used for the wear scans.  Scans were also performed using a 12.5 µm tip radius and a 0.2 mg load, which should 
more accurately profile the softer films. 
4.2.1 Constant Load Experiments 
In general, the scans (using 2 µm tip, 0.2 mg load) of the 50 lbf (7 MPa) constant load tests reveal a slight 
wear of the metal or deposit of polymer film, although it is not uniform throughout the wear path.  The wear scan of 
PTFE blended with graphite tested in refrigerant, as seen in Figure 54, appears to have a 0.5 µm layer deposited on a 
portion of the wear track, yet this is not consistent for the entire wear path as Figure 55 shows another area of the 
same disk.  This same disk was also profiled with the larger radius tip (12.5 µm), which resulted in one scan 
showing a 0.3 to 0.5 µm film deposition and two other scans showing a 1.0 µm wear dip (see Figure 56) on a portion 
of the wear path.  The wear dip does not correlate with the soft PTFE blend.  One would only expect to see a wear 
dip with the harder PEEK and polyimide blended materials.  Figure 57 shows possible wear (dip ~0.3 to 0.5 µm) of 
the metal disk from 50 lbf constant load testing of PEEK blended with carbon on cast iron.  Whether a deposited 
film or a worn area, the volume of material added or removed is very small or insignificant, yet there is evidence of 
polymer films and/or disk wear.  
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Figure 54  Transfer Film of PTFE w/Graphite Tested in R-134A (2 µm tip)  
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Figure 55  Surface Profile of PTFE w/Graphite Tested in R-134A Wear Track (2 µm tip) 
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Figure 56  Wear Dip in PTFE w/Graphite Tested in R-134A Wear Track (12.5 µm tip) 
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Figure 57  Wear Dip in PEEK w/Carbon Tested in R-134A Wear Track (2 µm tip) 
Comparing surface profiles of disks tested in refrigerant versus those tested in air may give some insight 
into the differing friction and wear data obtained in each environment.  In the case of bearing grade PEEK, the 
profiles of a disk tested in refrigerant more consistently show a 0.5 µm wear film (see Figure 58) whereas only one 
of three scans of a disk tested in air (see Figure 59) showed a partial film (~0.3 µm).  Vespel SP-21 had very 
different friction characteristics in R-134A than in air, yet their wear path surface profiles do not show much of a 
difference (see Figure 60 and Figure 61, respectively).  None of the Vespel SP-21 profiles show a definitive film or 
wear dip.   
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Figure 58  Transfer Film of PEEK BG Tested in R-134A (12.5 µm tip) 
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Figure 59  Partial Film of PEEK BG Tested in Air (12.5 µm tip) 
~0.5 µm 
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Figure 60  Surface Profile of Vespel SP-21 Tested in R-134A Wear Track (12.5 µm tip) 
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Figure 61  Surface Profile of Vespel SP-21 Tested in Air Wear Track (12.5 µm tip) 
For the blended materials, it does not seem to matter which tip size (2 or 12.5 µm) is used, as a thin film or 
a wear dip can be quantified using the Tencor Profiler with an applied load of 0.2 mg.  There is some correlation 
between surface profiles of some polymer/metal sliding pairs and testing environment.  In addition, there is much 
variation between different locations on the same wear path, showing anything from a thin film, a wear dip, or no 
change in surface height at all.  Surface profiles show very small changes overall, yet these small changes do not 
fully explain the different friction and wear characteristics observed in the tribological experimental testing.  
4.2.2 Step Loading Experiments 
Step loading of the harder PEEK and Vespel blended materials also appear to induce some minor disk wear 
(~0.5 µm) which can be seen as a dip in the wear scan.  Again, this is not necessarily consistent for all areas of the 
wear path.  Figure 62 and Figure 626 show wear from step loading experiments with PEEK w/ Carbon and Vespel 
SP-211 respectively, yet the profiles shown in Figure 63 and Figure 67 of the same disks do not show any clear wear 
dip.  On the other hand, two separate surface scans of a PEEK BG wear path shown in Figure 64 and Figure 65 both 
show a wear dip of approximately 0.5 µm from different areas of the wear path. 
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Figure 63  Surface Profile PEEK w/Carbon Step Loading Test (2 µm tip) 
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Figure 64  Surface Profile PEEK w/Carbon Step Loading Test (2) (2 µm tip) 
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Figure 65  Surface Profile PEEK BG Step Loading Test (2 µm tip) 
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Figure 66  Surface Profile PEEK BG Step Loading Test (2) (2 µm tip) 
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Figure 67  Surface Profile Vespel SP-211 Step Loading Test (2 µm tip) 
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Figure 68  Surface Profile Vespel SP-211 Step Loading Test (2) (2 µm tip) 
4.3 Scanning Electron Microscopy and Chemical Analysis 
All scanning electron microscopy (SEM) was completed on a Zeiss Digital Scanning Microscope, DSM 
960.  The wear track of the polymer pin on the cast iron disks is roughly perpendicular to the machining lines.  A 
sample image is shown in Figure 69.  The wear direction is approximately perpendicular to the machining marks and 
is indicated on all SEM images with a heavy arrow.  From the grayscale SEM images, it is difficult to tell if the 
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coverage is incomplete or just non-uniform.  The images show strong machining lines and appear to show patchy 
transfer versus a coherent layer.  To better understand the wear track surface composition, chemical analysis was 
performed. 
Wear 
Direction 
Machining 
Direction 
 
Figure 70  PTFE w/ Graphite in R134-A (500x) 
Comparison of SEM images of Vespel SP-21 tested in refrigerant over a 10 minute (Figure 69) and 1.8 
minute (Figure 70) duration does not give a clear indication that most of the wear is or is not occurring during the 
first 1.8 minutes.  If not all of the polymer transfer was occurring during the initial 1.8 minutes, would expect to see 
much more polymer deposits on the 10-minute experiment image than on the 1.8-minute image.  The images show 
possibly thicker deposits on the 10-minute test, versus thinner, more area coverage deposits on the shorter test.  The 
images are similar, but cannot quantify the amount of polymer transfer.  From the length and weight of the pin 
before and after the tests, it seems that all of the pin wear is happening at the start of the test, but the SEM images 
cannot confirm this theory. 
4.3.1 X-Ray Photoelectron Spectroscopy (XPS) 
There are more visible and measurable films and disk wear from the blended polymer experiments than in 
the unfilled polymer experiments, indicating a transfer film.  It has been proposed that for reduced wear to occur, a 
chemical bond between the polymer and the substrate must be achieved [9, 11].  Again, these studies used much 
slower speeds, lower loads, and generally smoother surfaces than used in the current study.  These authors used XPS 
to show chemical bonding to the metal substrate.  AES only shows elements, not compounds; therefore, it is not a 
good tool for determining if chemical bonding has occurred.  Thus, XPS is employed to investigate the transfer layer 
composition and to assess if chemical bonding takes place between the deposited polymer and the cast iron disk.   
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Figure 71  Vespel SP-21 in Refrigerant (500x)--10 
minute test 
 
Figure 72  Vespel SP-21 in Refrigerant (500x)--1.8 
minute test 
 
XPS was conducted on two samples, PTFE blended with graphite and carbon (WP191), and PEEK blended 
with PTFE and carbon fibers (PEEK BG).  The XPS has a minimum of a 1 mm spot size in which it can take several 
scans.  If the features of interest are spaced less than 1 mm apart, XPS will have an averaging effect across several 
features.  Low resolution scans are performed to determine the major components of the sample surface (see Figure 
71).  High resolution scans are then run on identified constituent binding energy ranges to pin point particular 
compounds or bonded elements.  The main elements seen in these scans are fluorine (F), iron (Fe), oxygen (O), and 
carbon (C) (see Figure 72, Figure 73, Figure 74, and Figure 75, respectively).  Their corresponding binding energies 
are 691, 715, 533, and 286 eV.  There also appears to be some traces of zinc on the samples, possibly a byproduct of 
the electrical discharge machining (EDM) of the samples. 
Overall, this type of analysis is not appropriate for this research.  The 1 mm spot size is too large and 
therefore gives the analysis of an average surface which may include some areas of bare metal and others with a 
polymer surface layer.  From the SEM images, Figure 76-- Figure 89, it is evident that there is often only about 20 
microns between contrasting areas, therefore a larger area would encompass more than one contrasting area.  
Evidence of a chemical bond between the polymer and the substrate proved inconclusive.  There is evidence of some 
carbon bonds that cannot be readily attributed to the components of the metal or the polymer, but it is not clear if 
they are chemical bonds generated in the tribological testing in R-134A or not accounted for by other means.   
 55
 
Figure 73  Sample Low Resolution XPS Data 
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Figure 74  Sample High Resolution Fluorine Scan 
 
Figure 75  Sample High Resolution Iron Scan 
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Figure 76  Sample High Resolution Oxygen Scan 
 
Figure 77  Sample High Resolution Carbon Scan 
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4.3.2 Energy Dispersive X-Ray Spectroscopy (EDX) 
EDX was used for the blended polymers instead of AES because AES samples are more difficult to prepare 
(require machining).  Both EDX and AES can be used to perform similar surface element analysis.  The Zeiss SEM 
has the capability to perform EDX.  This technique has a resolution window of 1 µm.  The voltage was set to 10 kV 
and the EDX window changed to the ultra thin window (UTW) to capture the lighter elements such as carbon, 
oxygen, and fluorine, which are the main elements found in the polymer materials used in this study.  The capture 
time is 120 seconds to obtain significant peak intensity of the surface elements.  The working distance of the SEM 
must be set to 20 mm for the EDX capture mode.  This type of analysis only identifies surface elements, not 
compounds, but is useful for identifying the main constituents of the contrasting areas.   
At least two points in each contrasting area were analyzed.  A summary of this analysis is included in the 
tables below their corresponding SEM images.  The EDX analysis does allow for quantification of the surface 
elements, but is not applicable for the light elements we are concerned with in this study.   
The EDX results show that the light areas of the SEM images have the same spectrum and surface 
composition as the virgin area of the cast iron disk, indicating that the light areas are bare metal.  Silicon is a 
component of the cast iron and is evident in most spectrums.   
The SEM images of PEEK with carbon tested in refrigerant and air are shown in Figure 76 and Figure 77 
and a summary of the EDX results are provided in Table 17.  The elements corresponding to each contrasting area 
are listed in order of peak intensity; i.e. if carbon and oxygen are listed first, they are detected before the iron, thus 
there is polymer on the surface.  In the polymers that contain fluorine, high carbon and fluorine peak intensities 
versus iron peak intensities would indicate polymer on the surface.  Conversely, if iron is listed first, there is not 
polymer on the surface of the area surveyed. 
For the PEEK blended with carbon, most of the darkened areas are polymer debris, yet some of the dark 
spots are just carbon, probably a graphite flake from the cast iron.  The gray areas are more difficult to analyze.  
Some of the gray areas appear to be a thicker oxide, while others appear to be a thin film of polymer.  Regardless of 
the gray area composition, there is not a complete polymer layer, only sporadic polymer transfer of various 
thicknesses.  There does not appear to be a difference in the surface as a result of air or refrigerant testing 
environment. 
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Figure 78  PEEK w/Carbon in R-134A (500x) 
Light
Area
Dark
Area
Gray
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Figure 79  PEEK w/ Carbon in Air (500x) 
Table 17  PEEK w/ Carbon EDX Results 
  Major Elements (in order of peak intensity) 
Pin Material  Light Area Gray Area Dark Area Dark Spot Virgin Area 
PEEK w/Carbon R-134A Fe, Si, O, C Fe, O, Si, C C, O, Fe, Si C Fe, Si, O, C 
PEEK w/Carbon Air Fe, Si, O, C Fe, C, O, Si C, O, Fe, Si   Fe, Si, O, C 
 
Sample EDX scans of dark and light areas of PEEK with carbon wear path on cast iron are shown in Figure 
78 and Figure 79 respectively.  Peak heights are not necessarily representative of surface concentration of that 
element since heavier elements such as iron will have stronger peaks than lighter elements like carbon.  In Figure 78, 
large carbon and oxygen peaks with relatively small iron peaks indicate that the dark areas are polymer.  
Conversely, in Figure 79, the large iron peaks and negligible carbon and oxygen peaks indicate that there is no 
polymer in the light areas.  
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Figure 80  EDX Spectrum for Dark Area of PEEK w/ Carbon Tested in R-134A Wear Path 
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Figure 81  EDX Spectrum Light Area of PEEK w/ Carbon Tested in R-134A Wear Path 
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The SEM images of Vespel SP-21 tested in refrigerant and air are shown in Figure 80 and Figure 81 and a 
summary of the EDX results are provided in Table 18. 
 
Figure 82  Vespel SP-21 in R-134A (500x) 
 
Figure 83  Vespel SP-21 in Air (500x) 
Table 18  Vespel SP-21 EDX Results 
  Major Elements (in order of peak intensity) 
Pin Material  Light Area Dark Area Dark Spot Virgin Area 
VESPEL SP-21 R-134A Fe, Si, O, C C, O  Fe, Si, O, C 
VESPEL SP-21 Air Fe, Si, O, C C, O, Fe, Si C, O, Fe, Si Fe, Si, O, C 
 
Like the previous samples, the Vespel SP-21 samples indicate that the lighter areas of the SEM images are 
the same as the virgin metal, while the darker areas are polymer transfer.  There is not a complete polymer transfer 
layer for either testing environment. 
The PTFE blended with graphite and tested in refrigerant appears to have a full film transfer at lower 
magnifications (Figure 82), yet at higher magnification (Figure 83), it is evident that there are small areas of bare 
metal.  These bare metal regions are verified with the EDX analysis.  The SEM images of PTFE with graphite tested 
in refrigerant and air are shown in Figure 83 and Figure 84 and a summary of the EDX results are provided in Table 
19.  The large dark areas are polymer, yet the black spot at the bottom of Figure 83 does not show any fluorine, 
therefore is probably a graphite flake in the cast iron. 
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Figure 84  PTFE w/ Graphite in R134-A (100x) 
Dark 
Spot 
Bare Metal 
 
Figure 85  PTFE w/ Graphite in R134-A (500x) 
 
Figure 86  PTFE w/ Graphite in Air (500x) 
Table 19  PTFE with Graphite EDX Results 
  Major Elements (in order of peak intensity) 
Pin Material  Light Area Gray Area Dark Area Dark Spot Virgin Area 
PTFE 
w/Graphite 
(WP122) R-134A Fe, Si, O, C  C, F, Si, O, Fe C, Fe, Si, O Fe, Si, O, C 
PTFE 
w/Graphite 
(WP122) Air Fe, Si, O, C Fe, Si, O, C C, F, Fe, Si, O  Fe, Si, O, C 
 
Virgin 
Area Worn 
Area 
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The SEM images of PTFE with graphite and carbon tested in refrigerant and air are shown in Figure 85 and 
Figure 86 and a summary of the EDX results are provided in Table 20. 
In the WP191 sample tested in air, there are some inconsistencies in the spectrums.  The large black area on 
top right of Figure 86 is definitely polymer, exhibiting both carbon and fluorine.  The large darkened line below 
does not clearly show fluorine, yet shows a significant amount of oxygen.  Also, in the lighter regions, one area 
shows much more oxygen than another area, but still not indicative of any polymer transfer.  
 
Figure 87  PTFE w/ Graphite & Carbon in R-134A 
(500x) 
Polymer
Not PTFE 
 
Figure 88  PTFE w/ Graphite & Carbon in Air 
(500x) 
Table 20  PTFE with Graphite & Carbon EDX Results 
  Major Elements (in order of peak intensity) 
Pin Material  Light Area Dark Area Virgin Area 
PTFE 
w/Graphite,Carbon 
(WP191) R-134A Fe, Si, O, C C, F Fe, Si, O, C 
PTFE 
w/Graphite,Carbon 
(WP191) Air 
Fe, Si, O, C 
or Fe, O, Si, C 
Fe, O, Si, C 
or C, F Fe, Si, O, C 
 
It is sometimes difficult to tell with EDX whether there is a fluorine peak or not.  The fluorine Ka 1,2 (.677 
keV) and the iron La 1,2 (.705 keV) are very close to each other.  On some scans, neither element is centered in the 
peak.  Possibly a small presence of fluorine is shifting the iron peak.  Generally, the peak is assumed to be either 
iron or fluorine depending on which corresponding electron voltage is closer to the center of the peak. 
EDX was not performed on the Vespel SP-211 or PEEK bearing grade, yet representative SEM images are 
included in Figure 87 and Figure 88.  An image of the virgin area of a disk is also included as Figure 89.  
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Figure 89  Vespel SP-211 in Air (500x) 
 
Figure 90  PEEK BG in R-134A (500x) 
Graphite 
Flake 
 
Figure 91  Typical Virgin Area of Cast Iron Disk (500x) 
From all of the SEM images, it appears that in general there is more transfer in the presence of refrigerant 
than in the presence of ambient air.  This is more evident in the four blends that include some PTFE.  Possibly, there 
is an interaction between the refrigerant, which is a fluorocarbon (tetrafluoroethane), and the PTFE 
(polytetrafluoroethylene), which allows it to adhere to the metal surface more readily.  This appearance of transfer 
does not seem to appreciably affect wear volumes (R-134A shows small decrease in wear by length); it does 
however appear to lower the coefficient of friction.  This lower friction is more apparent in the polyimide (Vespel 
SP-211) and PEEK (PEEK BG) blends with PTFE. 
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Chapter 5:  Conclusions and Recommendations 
5.1 Friction and Wear:  Unfilled Polymers 
The unfilled polymer constant load testing indicates that polymer friction and wear against cast iron disks is 
slightly better in R-134A than in ambient air environment.  While tests employing PTFE, PEEK, and polyimide 
materials show similar friction and wear in both environments, tests employing nylon 6,6 and cast iron pins on cast 
iron disks become unstable in ambient air indicating that R-134A has some lubricating or cooling effect which aids 
in a stable experiment.  Overall, PTFE has the lowest friction and highest wear regardless of the environment, while 
PEEK and polyimide exhibit somewhat higher friction and lower wear. 
Tests against aluminum disks exhibit similar friction and wear to those on cast iron, suggesting that the 
metallic counterface materials tested in this study have little effect on the tribological properties of the polymers.  
However, this may not generalize, since polymers are known to preferentially create transfer films on some metals 
versus others. 
Step loading experiments with PEEK in a starved Lubricated environment indicate that PEEK performed 
better than metals in specific applications.  The addition of fillers to reduce friction and increase the mechanical 
stability of PEEK may lead to a bearing material that is superior to metallic bearing performance.  It is assumed that 
polyimide will have similar performance based on similar mechanical properties and tribological properties as 
determined through constant load testing. 
The main findings regarding the unfilled polymers are that experimentation in R-134A is slightly superior 
to experimentation in ambient air, PEEK and polyimide show promise as replacements for metallic bearing parts, 
and PTFE, despite its low friction, wears excessively and is not dimensionally stable even under low loads. 
5.2 Friction and Wear:  Blended Polymers 
The constant load testing revealed that the PEEK and polyimide (Vespel) blended materials exhibited 
minimal wear at 50 lbf (7 MPa), while the PTFE blended materials’ wear is more significant in both refrigerant and 
air testing environments.  In R-134A testing, the two polyimide blends have an initial high friction, which reduces 
after about two minutes, allowing the mean coefficient of friction to be about the same as the other blended 
polymers.  The average friction coefficient is roughly the same for all of the six blended polymers tested in the R-
134A environment, yet this does not hold true for the testing in ambient air.  In ambient air, the two blended 
polyimide samples have higher friction than the other materials (µ=0.35 to 0.47 vs. µ=0.12 to 0.26).  Based on this 
study, clearly the performance in R-134A is superior compared to ambient air conditions. 
Based on the HPT testing, it is clear that the tribological characteristics of the PEEK and polyimide blended 
materials are significantly better than the PTFE blends as well as the metallic materials.  The frictional 
characteristics of the PEEK blended materials are preferable to that of the polyimide (Vespel) blends in R-134A 
since the PEEK blends have consistently lower friction during the 10 minute experiment and do not have the long 
high friction period before reaching steady state. 
The near-surface temperature readings for the polyimide blends increase over the test duration while the 
other blended polymers have fairly constant temperatures. This indicates that the polyimide (Vespel) materials are 
able to conduct some of the heat away from the surface.  This is a potentially favorable property which may allow 
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polyimide materials to withstand more aggressive, high temperature generating applications than the other materials, 
which may thermally degrade or soften and mechanically fail at higher temperatures. 
The findings in this study appear to apply to refrigerants other than R-134A, as the experimentation in R-
410A demonstrated.  For Vespel SP-21 on cast iron, the average coefficient of friction is slightly higher for tests 
conducted in R-410A than in R-134A (0.24 versus 0.17).  The R-410A wear data is within error of the R-134A wear 
data.   
All of the blended polymers tested have good tribological properties that can be tailored to meet specific 
application needs.  PTFE blends have very low and predictable friction in both refrigerant and air environments and 
would be appropriate in low load applications in which polymer wear would be minimized.  PEEK blends, 
especially the bearing grade PEEK, are appropriate for applications with high starting loads.  Finally, polyimide 
blends are appropriate for applications with low initial loads and possibly higher temperature applications.  Based on 
both performance and cost, the PEEK blended materials, and then the PTFE blended materials, and lastly the 
polyimide (Vespel) blended materials should be more thoroughly evaluated for specific compressor applications. 
5.3 Transfer Films:  Unfilled Polymers 
All of the unfilled polymers create some very mild polishing or discoloration (polyimide) on the cast iron 
and aluminum disks, which is visible with the naked eye.  This visual transformation of the wear path cannot readily 
be quantified with surface contact profilometry because the stylus plows through the soft patchy transfer layers.  
Upon further analysis with AES, SEM, and EDX, it is clear that under the testing conditions, there is only patchy 
transfer of polymer not continuous transfer films on the metal disks, which are thought to be necessary for reduced 
wear.  Unfilled polymers at realistic compressor conditions such as roughness and speed do not form transfer layers, 
but several have minimal pin wear and do not wear the metallic disk, therefore may be suitable for this application.  
Appendix D reveals that quantifiable layers (not necessarily continuous) of PTFE can be generated at speeds lower 
than 2.4 m/s under ambient conditions, which is in agreement with published literature.   
5.4 Transfer Films:  Blended Polymers 
It is believed that most if not all of the transfer of blended polymer pin to metal disk occurs during the first 
two minutes of testing.  Weight and length measurements of the pin before and after short term and longer-term 
experiments indicate a similar amount of wear for both test durations.  This hypothesis was however unable to be 
verified with other means.  Neither the SEM images nor EDX analysis can quantify the amount of transfer of 
polymer to the disk.  Surface profilometry reveals both polymer transfer (increase in surface height) and disk wear 
(decrease in surface height) for most combinations of polymers and disks.  The change in surface height varies along 
the wear path; therefore, it is difficult to determine the total amount of transfer. 
From all of the SEM images, it appears that in general there is more transfer in the presence of refrigerant 
than in the presence of ambient air.  This is more evident in the four blends that include some PTFE.  Possibly there 
is an interaction between the refrigerant which is a fluorocarbon (tetrafluoroethane) and the PTFE 
(polytetrafluoroethylene) which allows it to adhere to the metal surface more readily.  Even though this is not 
coherent transfer, it correlates with the literature that polymer transfer to the metal counterface decreases friction and 
wear.  This appearance of transfer does not seem to appreciably affect wear volumes (wear is slightly less for R-
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134A environment); it does however appear to lower the coefficient of friction.  This lower friction is more apparent 
in the polyimide (Vespel SP-211) and PEEK (PEEK BG) blends with PTFE. 
5.5 Recommendations for Future Work 
There are some aspects that this study illuminates, yet were not fully analyzed.  A few of these topics are 
listed below. 
• Effects of surface roughness on transfer films. 
• Quantification of short term wear versus extended term wear (more than one hour). 
• Wear mechanism (adhesive vs. abrasive) investigation. 
• Investigation of trends in roughness parameters to distinguish wear path from untested regions of the 
disks. 
• Study transfer films and/or wear tracks with optical profilometry. 
• Investigation of lubricant effects on the tribological characteristics of polymer/metal interfaces, as well 
as their effect on polymer mechanical properties. 
• Investigation of effects of a different refrigerant and/or different material combinations. 
These are recommended for future study. 
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Appendix A:  Correction of Coefficient of Friction Values 
All of the testing on unfilled polymers in Chapter 3 was done using the HPT in the “concentric” mode.  
This mode reports a coefficient of frictional torque, µMz, versus the traditional coefficient of friction , µ, obtained 
when run in the eccentric mode.  
rFz
Mz
Mz *
=µ  ,
Fz
FyFx 22 +=µ  , where Mz = frictional torque, Fz = normal 
load, r = average radius of wear path, and Fx and Fy are the x and y-components of the frictional force.  The 
concentric mode is intended for disk-on-disk testing where theoretically the x and y friction components would 
cancel each other out, yielding a zero coefficient of friction.  The eccentric mode is intended for pin-on-disk testing. 
The unfilled polymer testing was done in the concentric mode due to an electrical problem with the friction 
force readings in the y-direction (Fy), which caused Fy to be constant, therefore the coefficient of friction as 
calculated in the eccentric mode would not yield comparative values for different materials.  However, pin-on-disk 
testing reporting the concentric mode data, µMz, is still valid for wear and relative friction information, yet the actual 
coefficient of friction, µMz, values will be slightly different if run in the correct (eccentric) mode.  This electrical 
problem was identified and remedied before progressing to the blended materials’ experiments.  Several 
representative tests were run to investigate the difference in friction values between the two geometry modes.  The 
HPT data is shown in Figure 90. 
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The overall trend shows that the coefficient of friction is slightly higher in the concentric mode than in the 
eccentric mode.  Table 21 shows a summary of the concentric verses eccentric mode testing for PTFE and PEEK 
pins on cast iron disks.  A very rough conversion factor for the concentric to eccentric mode friction values is to 
multiply 0.67 times the average concentric mode coefficient of friction values, i.e. pin-on-disk µ ≈ 0.67 µMz.  This 
conversion factor is determined through a system of average multipliers.  The values run in the eccentric mode are 
the more correct coefficient of friction values since the pin-on-disk experiments used in this study are an eccentric 
geometry. 
Table 21  Unfilled Polymer Pin on Disk Testing in Eccentric vs. Concentric Mode 
Test ID 
Pin  
Material 
Disk 
Material 
Ave. Coeff. of 
Friction/St. Dev. 
Max. Temp. 
(C) 
Pin Wear Rate 
(mg/min) 
Pin Wear by 
Length (µm) 
Eccentric (correct setting): R134-A     
2110401 PTFE Cast Iron 0.07 0.06 40.87 3.6 546.1 
4150402 PTFE Cast Iron 0.18 0.04 50.83 6.6 1003.3 
4160401 PTFE Cast Iron 0.11 0.05 46.79 3.8 596.9 
4160402 PEEK Cast Iron 0.35 0.09 49.61 0.2 12.7 
        
Concentric (incorrect setting): R134-A     
8060301 PTFE Cast Iron 0.30 0.05 46.37 4.90 609.6 
*8120301 PTFE Cast Iron 0.27 0.05 49.66 8.53 2032.0 
*8120302 PTFE Cast Iron 0.26 0.05 53.67 16.70 2730.5 
8150301 PEEK Cast Iron 0.52 0.10 110.64 0.30 0.0 
8150302 PEEK Cast Iron 0.43 0.08 58.71 0.60 0.0 
              
Eccentric (correct setting): AIR        
2120401 PTFE Cast Iron 0.15 0.06 36.6 10.1 1524.0 
4150401 PTFE Cast Iron 0.21 0.06 46.26 10.3 1587.5 
4160403 PEEK Cast Iron 0.30 0.06 51.44 0.2 88.9 
        
Concentric (incorrect setting): AIR     
9090301 PTFE Cast Iron 0.23 0.04 40.62 7.9 1168.4 
9090302 PTFE Cast Iron 0.20 0.03 44.16 11.9 1752.6 
10100301 PEEK Cast Iron 0.37 0.09 90.7 0.8 25.4 
10100302 PEEK Cast Iron 0.49 0.19 70 0.4 38.1 
*These two tests were 15 min at a constant load of 15lbf.  There was excessive wear of PTFE under these 
conditions. 
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Appendix B:  Hertzian Calculations for profilometer stylus 
Hertzian calculations were performed to investigate why visible polishing or wear tracks on the disks were 
difficult to measure using contact profilometry.  The main calculations determine the contact radius and the yield 
loads of the polymer film.  Approximate elastic moduli, Poisson’s ratios, and compressive strengths were compiled 
from MatWeb [16] for a diamond tip stylus, and PTFE and PEEK films.  See Williams [22] for more information on 
Hertzian contact analysis. 
 
Figure 93  Ball on a Flat, Hertzian Contact 
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Using a 15 mg load and a 2.5 µm tip as in Dektak profilometry measurements, for PTFE/diamond contact 
a=0.78 µm, and for PEEK/diamond contact a=0.41 µm.  Using a 2 mg load and a 2 µm tip as in typical Tencor 
profilometry measurements, PTFE/diamond contact a=0.37 µm, PEEK/diamond contact a=0.19 µm.  Using the 
minimum applied load on the Tencor of 0.2mg and a 12.5 µm tip, PTFE/diamond contact a=0.31 µm, 
PEEK/diamond contact a=0.17 µm. 
Using a compressive yield strength for PTFE=15 MPa, the film will yield on the surface under a 2 µm tip at 
18.90E-6 N (or 1.92 mg) and a 12.5 µm tip at 738.20E-6 N (or 75.25 mg).  Using a compressive yield strength for 
PEEK=138 MPa, the film will yield under a 2 µm tip at 306.32E-6 N (or 31.22 mg) and a 12.5 µm tip at 1.20E-2 N 
  2a 
R 
W 
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(or 1219.75 mg).   Therefore, to be able to measure without plowing through the soft film, a 2 µm tip with an 
applied load of less than 2 mg or a 12.5 µm tip with an applied load of less than 75 mg should be used for all 
polymer film measurements.  All of the above calculations are summarized in Table 22. 
Table 22  Hertzian Contact Values for Diamond Stylus Tip on Polymer Film 
Material Tip Radius 
Applied Load 
(mg) 
Contact Radius, 
a (µm) 
Elastic Limit 
Load (mg) 
Surface Yield 
Load (mg) 
PTFE 2.5 15 0.78 0.14 3.01 
PTFE 2.0 2 0.37 0.09 1.92 
PTFE 12.5 0.2 0.31 3.38 75.25 
PEEK 2.5 15 0.41 2.19 48.79 
PEEK 2.0 2 0.19 1.40 31.22 
PEEK 12.5 0.2 0.17 54.83 1219.75 
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Appendix C:  Tencor Profilometer Roughness investigation 
In an attempt to understand the visible yet somewhat unquantifiable wear tracks on the cast iron disks after 
testing with polymer pins, several 1-D profilometry scans were performed both within the wear track and in the 
untested areas of several cast iron disks.  A Tencor P-15 Profilometer was employed using a 2 mg applied load and a 
2 µm radius tip.  All scans were 1 mm long with 2001 points and no filtering was applied to the data.  All scans are 
perpendicular to the machining marks.  Figure 92 depicts typical 1-D roughness scans.  Six roughness parameters 
(see Greenwood and Williamson [23]) were compared, centerline average roughness (Ra), root mean square 
roughness (Rq or σ), radius of asperity curvature (R), areal density of asperities (η), β (= R*η*σ), skewness (Sk), 
and kurtosis (Ku).  Further investigation is needed to determine if there are any identifiable trends from this data, 
which is included as Table 23. 
0 1 2 3 4 5 6 7 8 9 10
-3
-2
-1
0
1
2
3
Scan Length (mm)
S
ur
fa
ce
 H
ei
gh
t (
µm
)
Test ID 03010404
0 1 2 3 4 5 6 7 8 9 10
-3
-2
-1
0
1
2
3
Scan Length (mm)
S
ur
fa
ce
 H
ei
gh
t (
µm
)
 
Figure 94  1-D Roughness Scans: Outside Wear Track (top) and Inside Wear Track (bottom) 
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Table 23  1-D Roughness Data 
PEEK BG Step Loading Experiment 
 Outside Wear Path Inside Wear Path 
 03010404a 03010404c 03010404b 03010404d 
Ra (nm) 486.746 600.522 422.165 517.838 
Rq (nm) 609.85 763.083 549.107 659.665 
R (µm) 5.62623 5.81909 10.723 8.95625 
η (µm2) 17502.1 15448.4 126520 15197.9 
β 0.0600 0.0685 0.0743 0.0897 
Sk -0.2544 -0.3457 -1.2311 0.0308 
Ku 3.0270 3.3000 4.2899 3.1136 
     
Vespel SP-211 Step Loading Experiment 
 Outside Wear Path Inside Wear Path 
 02230401a 02230401c 02230401b 02230401d 
Ra (nm) 609.725 626.077 493.101 497.273 
Rq (nm) 764.435 767.159 595.752 647.385 
R (µm) 6.2096 6.08851 6.02079 6.66434 
η (µm2) 15350 16159.3 18337 16176.5 
β 0.0729 0.0754776 0.0657729 0.0697919 
Sk -0.4639 -0.4929 0.0828 -0.8778 
Ku 2.8568 2.9991 2.5119 4.5913 
     
PTFE w/ graphite Constant Load Experiment 
 Outside Wear Path Inside Wear Path 
 03020401a 03020401c 03020401b 03020401d 
Ra (nm) 505.345 467.826 264.819 371.896 
Rq (nm) 612.565 568.352 358.535 457.382 
R (µm) 6.72964 5.6108 16.6777 15.6336 
η (µm2) 17678.3 18872.3 18483.8 14188.3 
β 0.07288 0.06018 0.1105 0.1014 
Sk -0.4023 -0.2536 -0.8832 -0.2116 
Ku 3.0626 2.6364 4.4740 2.8245 
     
PEEK w/ Carbon Step Loading Experiment  
 Outside Wear Path Inside Wear Path 
 03010402a 03010402c 03010402b 03010402d 
Ra (nm) 477.605 442.598 379.954 361.753 
Rq (nm) 588.89 568.966 502.852 522.307 
R (µm) 6.6862 7.0308 14.8039 17.8072 
η (µm2) 17968.6 14937.5 12409.5 8722.07 
β 0.0708 0.0598 0.0924 0.0811 
Sk -0.0818 -0.6620 -1.0985 -2.1091 
Ku 2.7848 3.9866 4.5060 11.5196 
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Suh et al. [24] suggests that 2-D roughness parameters such as the Birmingham-14 [25] are more useful for 
characterizing topographical changes.  In particular, Suh et al. found that surface bearing index (SBI), core fluid 
retention index (SCI), and valley fluid retention index (SVI) revealed more of a trend in roughness values than Ra 
and Rq for measurements taken within and outside of the wear path of tribologically tested disks.  Therefore, 2-D 
profilometry scans were obtained.  A disk used in a PEEK BG on cast iron step loading experiment was employed 
for this analysis.  First, oblong or wedge shaped regions (1 mm x 0.1 mm) were profiled such as seen in Figure 93.   
 
Figure 95  Oblong Profile of Untested Area (Test ID 03010404) 
The scans were taken with a 2 µm radius tip and a 2 mg applied load.  2001 points were collected in the x-
direction for 26 rows in the y-direction.  No filtering was applied to the data.  Scans took approximately 45 minutes 
each. 
For the 2-D study, 11 roughness parameters were calculated and compared: Ra, Rq, R, β, η, isotropy index 
(γ), skewness, kurtosis, SBI, SCI, and SVI.  The area profile was then changed to a square area (1 mm x 1 mm) to 
investigate the effects of profile shape on roughness parameters.  Figure 94 is an example of a square profile area.  
The roughness data for both the oblong and square 2-D scans is included in Table 24.  The scans were taken with a 2 
µm radius tip and a 2 mg applied load.  2001 points were collected in the x-direction for 251 rows in the y-direction.  
No filtering was applied to the data.  Scans took approximately 120 minutes each.  The scans yielded very revealing 
and detailed topographical images with some trends, however further investigation is needed. 
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Figure 96  Square Profile of Untested Area (Test ID 03010404) 
Table 24  2-D Roughness Parameters for Oblong and Square Profiles (Test ID 03010404) 
  
Ra 
(nm) 
Rq 
(nm) 
R 
(µm) β η (µm
2) γ Sk Ku SBI SCI SVI 
Wear Track Area 
1x1 661 906 26.8 0.105 0.0043 0.370 -1.92 6.83 1.07 1.09 0.157 
1x0.1 639 839 27.1 0.096 0.0042 0.327 -1.27 5.52 0.76 1.28 0.147 
Virgin Area 
1x1-b 710 1044 19.3 0.077 0.0038 0.454 -1.45 23.08 0.72 1.17 0.138 
1x0.1-b 700 916 22.1 0.075 0.0037 0.399 -0.84 6.28 0.67 1.19 0.165 
Note:  ‘b’ denotes virgin area and ‘1x1’ denotes square profile area. 
 
This 2-D roughness analysis was repeated in more detail for another sample disk (Test ID 03020401) from 
a PTFE with graphite pin on cast iron disk constant load test.  This data is provided in Table 25.   
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Table 25  2-D Roughness Parameters for Oblong and Square Profiles (Test ID 03020401) 
  
Ra 
(nm) 
Rq 
(nm) 
R 
(µm) β 
η 
(µm2) γ Sk Ku SBI SCI SVI 
Wear Track Area 
1 581 679 49.77 0.161 0.005 0.227 -1.39 2.27 5.44 0.93 0.070 
3 742 914 21.93 0.092 0.005 0.203 0.76 4.77 0.55 1.09 0.111 
4 954 1024 56.98 0.245 0.004 0.206 -1.17 1.48 3.53 0.61 0.041 
3 1x1 243 334 59.16 0.086 0.004 0.342 -1.44 6.131 0.92 1.24 0.155 
Virgin Area 
1b 673 903 20.09 0.097 0.005 0.212 -2.25 9.59 2.37 0.97 0.102 
3b 674 782 34.09 0.116 0.004 0.220 0.81 2.03 0.58 1.16 0.111 
4b 389 483 24.89 0.069 0.006 0.160 0.52 3.54 0.56 1.36 0.124 
3b 1x1 471 717 20.49 0.071 0.005 0.233 -5.62 92.83 0.79 1.21 0.132 
Note:  ‘b’ denotes virgin area and ‘1x1’ denotes square profile area. 
 
Again, detailed 2-D images were obtained, and further investigation is needed to evaluate possible changes 
between virgin and tested regions of the disk. 
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Appendix D:  PTFE Transfer FIlm Investigation 
D.1 Instrumentation 
A high temperature tribometer (HTT) was the primary tool used in this investigation, and the HPT was also 
employed for limited testing.  The HTT can achieve speeds to approximately 1000 RPM and can be temperature 
controlled from room temperature to about 1000°C.  Loads as small as 1 N can be applied to a maximum load of 
approximately 90 N.  Loads over 10 N require adjusting the gains, and loads over 45 N require additional set up.  
Currently this machine is not connected to a computerized data acquisition system; therefore the accuracy of the 
recorded data is dependent on the user.  Also, the load needs to be constantly monitored and adjusted to maintain the 
desired average normal load. 
 
Figure 97  High Temperature Tribometer 
D.2 Experimentation 
PTFE transfer films were investigated.  PTFE was chosen for this testing since PTFE transfer films have 
undergone much analysis in the literature.  PTFE has low friction and good transferability because of its lamellar 
structure which shears easily, and often its adhesion to the counter surface is greater than the cohesion to the bulk 
polymer.  It is reported that 0.5 - 2 µm PTFE films are produced on smooth steel surfaces (exact roughness not 
defined) [12].  
Yang [14] obtained transfer films of PTFE on stainless steel at low contact pressures and speeds.  
Therefore, the High Temperature Tribometer (HTT) was used to conduct similar experiments to Yang’s 
experimentation.  The disks are 75 mm in diameter by 6.8 mm thick and the pins are 6.8 mm diameter by 20 mm 
long (same disk as HPT, yet pin is longer and w/o hole for thermocouple).  Tests were conducted at 0.5 m/s, 10 N 
(275 kPa), 22°C, in ambient air, for 20 minutes using a PTFE pin on stock cast iron disk configuration.  These 
conditions were repeated for a polished disk.  Polishing was accomplished by wet sanding with 1000 grit sandpaper 
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for approximately 2 minutes.  Tests were also run at 0.09 m/s, 10 N, 22°C, in ambient air.  Finally, a wear test was 
performed where the test was paused and the pin weighed and measured at 3 then 6 minute intervals.  The 0.5 m/s, 
10 N conditions were repeated for the wear test, using a 42 minute test duration to achieve measurable wear. 
Using the HPT, pin on disk testing was performed at 45 N, 0.5 m/s, and 22°C for 20 minutes. The HPT, 
capable of higher applied loads than the HTT, was employed to assess whether or not the applied load would effect 
the formation of transfer films.  The same conditions were repeated for a polished disk.  Again, the disk was 
polished by wet sanding with 1000 grit sandpaper for approximately two minutes.  Tests were performed using 
lower speeds, 0.4 m/s and 0.3 m/s, with the temperature, load and duration the same as above.  The final tests run 
were an attempt to monitor the short term friction effects, that during the first few passes, friction is reduced as 
reported in the literature [12].  Friction was monitored at 0.05 m/s under a 45 N load at room temperature for 12 
seconds which is approximately 3-4 rotations of the disk.  A summary of all the experimental conditions used in this 
study is included as Table 26. 
Table 26  Summary of Transfer Film Investigation Experimental Conditions 
Equipment Speed (m/s) Load (N) Temp. (°C) Environment Test Duration (min)
HTT 0.5 10 22 Ambient air 20 
HTT 0.09 10 22 Ambient air 20 
HTT 0.5 10 22 Ambient air 42 
HPT 0.5 45 22 Ambient air 20 
HPT 0.4 45 22 Ambient air 20 
HPT 0.3 45 22 Ambient air 20 
HPT 0.05 45 22 Ambient air 0.2 
D.3 Experimental Results 
All tests on stock disks produced fairly thick (0.5-2 µm) transfer layers (as confirmed by Dektak surface 
contact profilometry), but no real decrease in friction was observed.  Sample HTT coefficient of friction data is 
provided in Figure 96.  Tests were repeated at slower speeds in order to achieve a more complete transfer layer, yet 
still no reduced coefficient of friction was evident over the test duration of 10 to 42 minutes.  Testing repeated at 
higher loads using the HPT yielded similar transfer layers and friction results to the HTT testing.  Sample HPT 
coefficient of friction data is depicted in Figure 97.  Previous experimental testing showed no appreciable film at 2.4 
m/s.  Testing at speeds greater than 0.5 m/s and less than 2.4 m/s were not performed, since it appeared that transfer 
films are highly velocity dependent, and the reduced friction was not seen at the lower speeds where PTFE transfer 
was more evident.  This does indicate however that formation of PTFE transfer films do not affect mean long term 
coefficients of friction.   
Polished disks (Rq=0.17 vs 0.49 µm) produced more of a transfer film than a transfer layer.  The transfer 
film visually looks like a polishing of the wear track (see Figure 99), whereas a transfer layer (see Figure 98) is more 
visible as a caking of PTFE on the cast iron surface.  On either film or layer, it was unclear if there was full coverage 
of PTFE over the wear track surface. 
The wear test results (see Figure 100) show a possible decrease in wear rate over time, yet under these test 
conditions, the wear is so small, that there may be enough error in the measurements that the data is actually fairly 
stable.  
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Figure 98  Sample High Temperature Tribometer Friction Data 
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Figure 99  Sample High Pressure Tribometer Friction Data 
 
Figure 100  Sample PTFE Transfer Layer on Stock 
Cast Iron Disk (HTT, 0.5 m/s, 10 N, 42 min.) 
 
Figure 101  Sample PTFE Transfer Film on Polished 
Cast Iron Disk (HPT, 0.5 m/s, 45 N, 15 min.) 
   (Rq=0.17) 
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Figure 102  Wear Test Data for PTFE on Stock Cast Iron Disk 
Finally, one very short test was run to capture the short term friction effects using the HPT.  The data 
shown in Figure 101 suggests that the friction coefficient has an initial peak of about 0.55, which declines rapidly to 
a steady state friction coefficient of 0.3.   
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Figure 103  Short-Term Friction Response, Approx. 3-4 Passes (45 N, 0.05 m/s) 
D.4 Analysis: Surface Profilometry 
A Dektak surface profilometer was employed to measure roughness (Rq) values of both the stock and 
polished disk surfaces, as well as to try to capture transfer layer thickness.  One mm scans were used to measure 
roughness, while 10 mm scans were used to measure the layer thickness (need to span the width of the wear 
track/transfer layer).  Surface profilometry showed variable transfer layer heights.  The layers/films were not 
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measurable on polished disks, yet ranged from 0.5 to 2 plus µm for stock disks.  According to the analysis in 
Appendix B, the Dektak profiling conditions (2.5 µm tip, 15 mg load) should plow through the PTFE layer, yet we 
are able to measure a non-uniform PTFE layer.  This may indicate that the layers are actually thicker than measured 
or harder than assumed. 
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Figure 104  Sample Dektak Scan of PTFE Transfer Layer on Stock Cast Iron Disk (HPT, 0.5 m/s, 10 N, 42 min.) 
D.5 Analysis: Scanning Electron Microscopy 
Scanning Electron Microscopy (SEM) showed some roughness that was not covered or smoothened with 
PTFE (see Figure 103).  Changes in coloration indicate that polymer thickness is not uniform across the surface.  
Figure 104 shows how PTFE fills in the deeper machining lines, but does not appear to fill in the polishing 
scratches.  It is difficult to determine the extent of the polymer coverage since often the polymer appears black or 
gray, while at other times it appears white.  Figure 105 appears to show uneven coverage through smearing of PTFE 
(white film).  Figure 106 shows white PTFE wear debris that has congregated around the edge of the wear track.  
This change in coloration is definitely related to polymer thickness, but is probably also determined by whether the 
polymer transfer is above or beneath the mean surface level.  This issue makes it hard to determine if the surface is 
completely coated and just not uniformly coated, or if it is only partially coated. 
 
Figure 105  PTFE Wear Track on Cast Iron 
(11070301).   
 
Figure 106  PTFE on Polished Cast Iron x500 
(12030301) -- Visible Polishing Scratches 
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Figure 107  PTFE on Cast Iron x100 (11200310).   
 
Figure 108  PTFE on Polished Cast Iron x10 
(12030301).   
D.6 Conclusions 
From this investigation, it is apparent that transfer films or layers are produced at room temperature and 
ambient environment by PTFE on cast iron at speeds less than or equal to 0.5 m/s regardless of load.  Rougher 
surfaces produce thicker transfer layers, which can be at least partially removed by scraping with a fingernail.  
Smoother, polished surfaces produce more of a transfer film, which is not easily scraped off.  It also appears that the 
friction benefits arise in the first few passes of PTFE on cast iron.  
Disk roughness may not be completely smoothened with PTFE transfer, therefore pin continues to wear 
heavily.  The wear test data appears to be fairly stable over time, which seems to counter one of the main advantages 
of polymer transfer layers, i.e. reduced wear.  This may be due to the roughness mentioned above.  A detailed wear 
test, stopping periodically for pin wear measurements, should be performed on a polished disk to confirm this. 
The SEM images do not appear to show full coverage of PTFE on polished disks as only uneven thickness 
was verified.  The changing coloration of PTFE on the disk surface of the SEM image makes confirmation of 
polymer deposition coverage difficult.  To verify the presence of PTFE across the entire surface requires chemical 
analysis such as Auger Electron Spectroscopy (AES), X-ray Photoelectron Spectroscopy (XPS), or Energy 
Dispersive X-Ray Spectroscopy (EDX) 
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